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METHYL GROUP TUNNELING AND VISCOELASTIC

RELAXATION IN POLY (METHYL METHACRYLATE)

1 v

ABSTRACT ‘ ’

'This thesis describes a dynamic mechanical investigation of the
backbone methyl relaxati;n in poly(methyl methacrylate), (PﬁMA)q the normal
and fully dedterated polymers were studied by high precision torsional
penduium, vibraFing reed and ultrasonic techniques, in the region of ~-200
to +50°C. Two very small'relaxations obseéjzﬁ’for free-radically vreparéﬂ
PMMA were interpréted ;s due to motib?s of backbone methyls corresponding,
to syndiotactic and heterotactié‘mai;.éhain configurations.-Evidence of

quantum mechanical tunneling was present for the syndiotactic melhyl re-

a

laxation, which showed not only pronounced curvature in the log Vv versus

1/T plot but also a large igotope effect. Bhth resdl;éhhave been predicted

4

from theoretical considerations and have now been verified experimentally.

This represents the first demoneration of an isotope effect in the field

7

" of polymer mechanical properties.

Extrapolation of viscoelastic data for PMMA to high temperatures
suggests that the varlous relaxations may all converge in a_frequency/

s

temperatﬁre region near 109 Hz and 200°¢. /

EEN 1
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lL'EFFET'DE TUNNEL DU GRLUPE METHYLE ET LA RELAXATION |

55

. VISCOELASTIQUE DANS LE POLYMETHACRYLATE DE METHYLE

t

. RESUME

B

/;'ﬁ
Cette these décrit une étyde dynamique et mécanique de la relaxation
1

du groupe méthyle de 1"épine dorsale dans la structure méléculaire du poly~
méthacrylate de méthyle, (PMMA); le deutéro~-PMMA et les polymérgs normales

ont &té studides par des fechniqueslde haute précision: le pendule de tor-
M . 3

"

sion, le 'roseau vibrant' et l'ultrasonique, pour des températures de ~200

d 50°C. Deux relaxations tr&s petites ont &té observées dans le PMMA préparé

’ 3

-

par)la méthode a,radical libre et~sont interprétées comme causées par les
déplacements des méthyles de 1'épine dorsale correspondant aux configurations
syndiotactique et hétérotactique de la principale chafﬁe moléculaire. La =
relaxation syndiotactique du méthyle montrait un effet de funnel quantiqueo
mécanique éviden; par la courbe marquée dans le graphique de logw versus

., 1/T ainsi que par un grand effet isotopique. Les deux résultats ont &té )
/ 5 .

3 prédits par des considératioms théoriques et ont maintenant été vérifiés

{ par exXpérience. Ceci représente la premiére démonstration d'un effet igo~
1

., topique dans le s%jet des propriétés mécaniques des polyméres.
Rzl 4 . / " '
L'extrapolation des résultats viscoélastiques du PMMA § _de hautes
L] v v "
' températures suggpre que les relaxations divers peuvent tous converger jans

la région fréquence/température prés de 107 Hz et 200%. ’
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' FOREWORD

] o

. ]
"Methyl Gr¥up Tunmeling and Viscoelastic Relaxation in

7

Poly(methyl methacrylate)' is presented in six chapters as follows:

{ Chapter I contains an introduction to the subject and a literature
[ 1

review of the molecular motions (especially the backbone methyl re-
laxation) of PMMA; Chapter II outlines the experimental techniques

employed in the study and Chapter III contains the dynamic mechanical
’ ‘ - *
results obtained for normal and fully deuterated PMMA specimens; g
‘. ]

/
Chapter IV consists of a discussion of these results with Chapter V

i

&
-

R o R

emphgsizing the contributions to original knowledge and suggestions

for future work; Chapter VI contains supporting references. g

v

» 'For the convenience oﬁ the reader, the Lunneling‘frequency ;
calculation for a deutero—méthyl group in a barrier of 5.89 Kcal/mole
has been reproducgd from the private communication of Dr. S. Reich °
as Appendix I. Descriptions of the high precision Vibrating Reed
and Ultrasonic instruments employed in the study are given as
Appendices II and III respectively. Numerical agd graphicgl data in
support of Vibrating Reed and Ultra% nic results quoted in the text

are included as Appendiceé"IV and V respectively, with Appendix VI

Bl
contalning the supporting numerical data for text Figures.

S

A preliminary .report of this work, presented in Phys. Rev./Lgtt.

35, 951 (1975), is included as Appendix VII.

N -

i e M i )
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I. INTRODUCTION '

— [

A. MECHANICAL PROPERTIES OE POLYMERIC SOLIDS:

=N

-

/

. st ¥ N
’ > i1 @ P ®
b T .
e 1. Elasticity: / ‘
S
— P

A deformation applied to an elastic soldid gf&es rise to a
restoring force within the material. If the deformation is suf-

ficiently small, the stress (force/unif area) is proportional

[4

to the)extent of deformation or the strain where the material

is sfid to be in its "linear region". The constant of propor-

r

tional ty is called the modulus of elasticity or, more commonly,

the stiffness of the material.

/
There are three distinct types of modulus: the shear

modulus or modulus of rigidity G; the tensile or Young's modulus,

E; and the bulk/fibdulus K. These are given by:1

i}

-

L )

o ] G = L
Y
. .
E = .g_ -
. E ‘
- g
and K = Vv

- . »‘@
.,} ! .[

where 1 and o, repreéent shear énd tensile stresses respectively,
P is pgessure‘exerféa on all sides of a body; and v, € (= AL/L),
and (AV/V) are th%:shearing angle, the elongation or,relative
increase %n length £, and the relative 1pérease in volume V, .

're3pectivéiy.

~

I
x The total volume of an isotropic material is;%ot pre-
served under %xial deformation, with experiments showing that

lateral dimensions decrease (or increase) in proportion to the




PR

) aiiaf’elongation (or shortening) .’ This 'factor bf lateral

contraction' is-known as the:Poisson's ratio u, which, for a

cylindrica; specimen of unstressed diameter\d and length z,{is

i

defined by the equations 2

21 = (1 +¢€) & dﬁ/= (1 - pe) 4 | ... for tension
and %) = (1 -€) %5 d; = (1 + pe) d ... for compression

where %) and d; are the dimensions after stressing. The Poisson's

' 3
ratio for isotropic plastics ranges from 0.3 (glass) to “0.49 (rubber)

The wvarjous moduli of isotropic materials are interconnected /

.
through the Poissom's ratio as follows:

E=26(1+w ‘ !

and E =3 K (1-2y).

B

Viscoelasticity:

A polymeric material exhibits simultaneously the properties
) 8
of an elastic solid (stress proportional to strain) and a viscous
liquid'(stress~proportional to\rate of gtrain).” The behavior of

such 'viscoelastic' materials may be studied by various techniques,,

including dynamic mechanical testing, in which a very low amplitude
cyclic strain (i.e. a vibration), is applied to the specimen. It

is found that the resulting stress is not completely in phase
: ‘ ¥
with the strain, as 1llustrated schematically in Figure 1; the

14

in-phase stress (stress which is proportional to strain) reflects

elastic behavior, while the outLof—phase stress(stress proportional

to the rate of strain) is a viscpus response. The modulus therefore

> -

—t [.ruvmmu——w“vw MRS
f
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SCHEMATIC DTAGRAM ILLUSTRATING STRESS WHICH IS OUT

OF PHASE WITH

STRAIN, WHICH WOULD BE OBSERVED FOR A VISCOEL/ASTIC MATERIAL.
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. I
3. Temperature Dependence of Polymel Mechanical Properties:

" pollymer are measured as a function of temperature at constant

consists of two orthogohal components, and can be written as

a

a complex quantity; thus the complex modulus of rigidity G* is

defined as: 1] .

“ Ve
G* = G' + 1G"! .
¢ ) " ) AN
‘ "oty - .
where G' 1s the in-phase”(stress/strain) ratio or storage modulus,

and G'' is the out-of-phase (stress/strain) ratio or loss modulus.
( ! -

G' and G'' relate to energy stored and dissipated (as heat) in

-

the same sense as G and n (the \{iscbsity) determined 1in static .

tests.4 ;
The internal ffiction, tan GG’ which is also known as the
specific loss or damping factor, is defined as follows:
' e ,
\ tan GG = %— /

Similarly,‘yuthe complex Young's modulus, E*, may be written:
/ '

~

7/

. E* = E' + {E"' .

El ] R ‘

with tan 6E = g5 \J
' ) ’ } ' h

It may be shown that, for hard isotropic solids,5 tan GEQ; tan

which allows the gineral use of tan 6 (without a subscript) for

jlamp ing. . Al ‘

G SN

AN
If the dynamic mechanical properties of an amorphous linear
’ RN . q

frequency, a progression of peaks in tan § and cor'responding steps -

in the modulus is generally observed. This is depicted schematically

-

JRUTO |
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in Figure 2A which might represent a torsional pendulum experiment

at (say) 1 Hz. The peak regions, which are referred to as dispers-

ions or relaxations in recognition of the time~dependent nature & '
of the phenpmena, appear when the frequency of a molecular motion

matches the test frequeri‘cy and are labeled a s B, ¥, 6 ....6 with
14

decreasing temperature; the @ peak cor{':esponds to the softening .

v
1

/ point or glass transition and involves mutual slippage of large

A\ numbers of main chain segments, while the lower temperature peaks

9

are indicgtive of side group motions (such as hindered rotations)

°

or movements of smaller parts of the main chain. Relaxations may *

be characterized by means of thei‘r .tan ¢ peak heights and correspond-
. 2
ing relaxation strengths, which is defined as the difference in
s by
. modulus across a relaxatfon region divided by the .average modulus h

5,7

P
.

in that region.

1

]

‘At the glass transition temperature (Tg) region, a dramatic
change in the mechanical properties occurs, with the material

T typi%aily passing from a deformable rubber far above Tg to a.brittle

il glass below that temperature; a thousand-fold increase in stiffness

'

. or rigihity may take place over a relatively small temperature
- . - / ! o H
- . range. Modulus changes acro&s sub—'I"g relaxations are less spectacu- %

r -

o " ~lar; nevertheless, the ”so-called 'tough' polymers may experience

‘,\ brittle to ductile transitions across lower temperature ldispersions, )

egpecially if they involve motion of a backbone group - éay the

.. hindered:rotation of a benzene ring contained in the polymer back-~

8 .
. bone. - : .

( R
- t "
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_ SCHEMATIC- DIAGRAM TLLUSTRATING TYPICAL G' (OR E') AND TAN &
BEHAVIOUR AS A FUNCTION OF TEMPERATURE FOR AN AMORPHOUS LINEAR |

POLYMER, AT A FREQUENCY' OF (SAY) 1 Hz.
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' - . oo
L FIGURE 2B
SCHEMATIC DIAGRAM OF A TRANSITION MAP OF AN AMOKPHOUS LINEAR '
.. . POLYMER, CONTAINING, AS EXPERIMENTAL POINTS, THE HYPOTHETICAL
[ . + . »0 ’A\
- EXPERIMENT AT 1 Hz SHOWN IN FIGURE 2A. THE FREQUENCY RANGES OF ;o
£ MECHANLCAL TESTING TECKNIQUES ARE/ALSO SHOWN. ~ « )
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It is important to realize that under optimum conditions,
dynamic mechanical testing permits the location in temperature

and frequency of the various molecular motions taking plsce within

. / ) !
the material although frequently the identification of the detailed

molecular mechanisms may be difficult. If tests of the type de~
, Ve , * )

}xhtedin Figure 2A are conducted at several frequencies (v), a
'transition map' or plot of log v versus 1/T for the relaxations
may be constructed, where T is the apsolute temperature. Figure 2B
represents schematically a transition map containing, as experi-

mental points, the hypdthetical experiment at 1 Hz shown in Figure 2A.

> ) . ,
As Figure 2B indicates, the gsub-Tg relaxations (8, vy, &)
»

generally folldw Arrhenius or straight-line log v versus 1/T re-

3

lationg.whose slopes define apparent activation energies (Ea's) for

the ‘several molecular motions occurring. For a movemené which is

-

a hindéred rotation of a group, the activation energy Ea would be

related to the barrier to rotation.' A wide range of activation

v

energies, from 1 to % 25 kcal/mole, has been noted for the secondary
Y2 e "

relaxations of a variety of polym7t5.6 The Arrhenius relation nay

-

_ |
be expressed mathematically as:9

b= ve —Ea/RT- o ’ T~
o
where vo is the frequency éorresponding to infinite temperaﬁﬂre,

.

for which a value of log v, = 13.5 & 1 has been suggested.5

tammUmedy -

]

#he a or glass transition relaxation follows a curv@linear

\ .
log v versus 1/T relation which is well described by the WLF

P A - 0 U
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e

(Williams, Landel and Ferry) equation:10

=17.44 @-Tg)
51,6 + (T-Tg) ’ @

!
b

‘ log an =

wheresaT is a shifg factor (analogous to a change in timescale or
frequency) which is related to the change in Tg’ given by (T—Tg).

Thus, if Tg is the glass transition temperature at log v = 0,

»

then the equation affords an estimate of T, at a frequency given

g ,

by v = aT.

Dynamic dielectric and proton nuclear magnetic resonance (NMR)
experimental data have been successfull} combined with dynamic
mechanical 'results in order to generate transition maps for

polymers.G’11 The dielectric and NMR techniques have liﬁitétions,

however; the former is only able to follow molecular group motions

which give rise to dipole moment changes, while the latter {NMR), *

A"

although especially sensiti&e to the movement of proton-containing

groups, cannot respond _to motions of aloms not possessing nuclear
Vod

spin, and has until recently been limited to frequencies greater

than ~ 10% Hz.

Dynaﬂic mechanical experiments appear capable of detecting
all types of moleéular,motion. However, different types of(instruments

are requif%d to span a wide frequency range. As indicated in Figure 2B,
L . .
the torsio?al pendulum is generally employed in the 0.1 to 10 Hz

region, th@ vibrating reed,for v 10 to 10% Hz, and ultrasonic methods
for still higher frequencies (> v 2x10% Hz). Stress fgyaxa:ion and
- |

creep have also been used to study d and B relaxations at low

frequencies. .The use of such tests to elucidate molecular mechanisgms

”




occurring in solid pclymers has become known as 'Mechanical toe

Spectroscopy', which has recently Qeen reviewed.l2

v 4. Molecular Identification of Méchanical Loss Peaks in Polymers:

U Du; to the enormous industrial importance of the mechanical
properties of polymers, these types of measurements have been carried
out extensively, with some identifications of molecular mechanisms
progressing very far. Perhaps the best example of this is the case
of polymers containing fhe cyclohex&l moietyL for which Heijboer5
has shown that the chair-chair conformational change of the cyclohéxyl

-

!~ group attached to a polymef chain (or present in a plasticizing
'
molecule) gives rise to a y relaxation at ~ -80°C at 1 Hz, with an

activation energy of 11.5 Kcal/mole. In this case, the activation

energy is equal to the barrier height, the barrier being strictly.
intramolecular, arising from within the ring itself. Indeed frequency/
temperature data for the loss peak in liquid cyclohexanol are in

LS

agreementuwith results for the cyclohexyl-substituted polymers,

suggesting a remarkable insensitivity of the.molecular mechanism f&

the molecylar ‘environment. Heijboer showed not only -that the y peak

.was absent in PMMA pldsticized with 1,1-dichloroeyclohexane, in 'which . |
béth’chair conformers are identicalf but als; that;ghe peak dis~

appeared when the chair-chair éonformational change was blocked

through steric hindrance. In addition, he found that dielectric ,
measurements on chlorinated deriﬁgtive; were qualitatively what would

, .
}be expected from geometrical considerations of the chair-chair
I

- transition for a cyclohexyl ring linked to a chain. It is worth
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B. QUANTUM MECHANICAL TUNNELING AND VILCOELASTICITY:
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“

- 10 -

- ¢

pointing out that Heijboer's'assignment of the y relaxation in

L
cyclohexyl-containing materials to the chair-chair flip has been
"

amply confirmed by subsequent NMR and theoretical work.

«

Reality of Quantum Effects:

In the early part of the present century 1t was evident that
Newtonlan and Maxwellian éoncépts were unablf to explain many pheno-
mena occurring at the submicfbséopic level of‘ﬁhe atomﬁc.and sub~
atomic particle. In particular, the frequency'ﬁepéfs;éce of the
bLackbody radiation rate and the tempezaturevdependence of the
specific heat of a so%id could nét’be understood in terms of classi-
cal mechanics.13 An entirely new physical approach was needed. 7ax
Planck laid the groundwork for\this Sy boldly associating discrete
energy levels with spgndiﬁg waves 1n a box, Einstein and later Debye
extended Planck's concept to solids, identlfying the thermal atomic
motions with' internal standing ‘sound waves of different frequencies

[

vV up to a maximum frequency corresponding to a wavelength approxi-
[ ;

mately twice the lattice sgacing} These oscillators/were assumed to

. i
possess discrete energies of nhv, where n is a positive integer and

_h’'is Planck’s constant, and an adequate description of the specific
- ,

heat behavior was achieved. These developments launched the field

i
of quantum mechanics. ’
i
Other experimentsl3 indicated that electromagnetic radiation
-~

!

i

/
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A set of solutions exists for this equation sych that

- 11 -

-

(light) very often exhibited particle-like behavior as in the photo-
electric effect, whereas entities which were considered to be particles

’

(such as electroné) could display wave-like behavior. The wave-particle

14
duality concept arose, necessitating a wave mechanical theory of.particle
‘behavior. In this formalism, the moffop of a particle of mass m is

described by a wave function i which obeys the SchrBdinger equation:

Y

.7
, s

where V(x,y,z) is the potential energy of the particle and 1 = h/2w.

!

2 . '
[} %5 vZ + vy (x,y,z)] p = 1n-§%

Here /¥/? is interpretable as a probability density.
~ v )
As a one-dimensiondl illustration of the use of the Schrddinger

[ ———

wave equation, the case of a particle or system of particles behavingﬂ
13,14

. & ’ .
as a simple harmonic oscillator (i.e., as a spring) may be presented.
N N )

Here, the potential may be represented by V(x) = iﬁxz, which has the

form of a parabolic well. The wave equation reduces to:
72 d2¢, k’ 2 ’ .

X
“m a2 Ve g

/

E . =how (n+3) ’

N t

J p .
where n= 0, 1, 2, ,... and moz = k/m. The wave functiomns ¢n corres~

r

pondiﬁg to these discrete energy values are ¢haracterized by maxima
‘. . /
and minima and also nodes, where ¥ = 0. A tdtel of (n+l) maxima and

' - *

minima, and n nodes exists, A schematic diagram of the‘potentiall .
function and the ground state {(n = 0) wave function wo is given

in Fiéuie 3A. It is clear from, the Figure that the wave function

extends beyond the confines of the hindering potential. Since IWIZ

/’
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)
&
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FIGURE 34 - 7 "

SCHEMATIC DIAGRAM OF THE SIMPLE HARMONIC OSCILLATOR

PPOTENTIAL FUNCTION AND GROUND STATE WAVE FUNCTION,

|
ILLUSTRATING THAT PENETRATION OF THE WALL TAKES PLACE

i

(SHADED REGION).

1 -~

1
i

FIGURE 3B
. & Iy e
SCHEMATIC DIAGRAM OF TWO SIMPLE HARMONIC OSCILLATORS

IN CLOSELPROXIMITY, ILLUSTRATING THE CONCEPT " OF .

VQNNELIN ROUGH A BARRIER.
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regions where particle penetrates
the potential well

region where partick is
within both wells
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is interpreted as a particle probability density, there is therefore
a finite probability of‘finding that particle outside the barrier,

especially in the shaded regions. Thus the particle (or system of

.

particles) penetrates the barrier to a very real extent.

[y

If two such simple harmonic oscillators are in close proximity,
as 1llustrated schematically in Figure 3B, then an interesting

gituation exists: overlap of the individual ground statd wave

[N -

r 1
fundtions is occurring, so that a particle moving under the influence

of one potential function may find itself within the other well (as

T
understood from gquantum mechanical concepts), despite the fact that
the particle emergy is less than that required to hbp over the barrier!

Such a particle is said to have |tunneled' through the barrier, a

situation absolutely without classical counterpart.

A}
-Examples of quantum mechanical tumneling abould: a~particles

decaying from radioactive nuclei are observed to penetrate the strong
repulsive coulombic barrier gfovided by the charge on Ehe radioactivé
nqéleus;'despite a total ener§y~wﬁi2h is less than 'this bhrrier;l
conversely, shooting particles at a nucleﬁé usually involves tunneling.
Tunnel?ng of electrons through a potential hill occurs as in the case
of the tunnel dioqe,}a In addition, very high frequency (électro-
magnetic);éffeéés %h;ggingflect tunneling are known, for instance the.
“uﬁitella" inversion of ammonia,15 which is observed at normal tem-
peratures, and is, in fact, well represented by the picture presented
£ts are however, very often encountered

in Figure 3@, Quantum effe

at low temperatures, an example being the superfluidity of liquid
16

* helium, ™ 'wvhich is a mechanical manifestation of guantum mechanical

L. A

}
i
i
!
{
}
{

'~
!

f

|

!

.
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behavior. In addition, considerable evidence of tunneling phenomena

. I | |

17,18

in solids is also accumulating. ~ These illus;rations'of guantum

effects show clearly the reality of the phenomenon, however’foreign

to our classical way of thinking it may be.

Development of the anntim Mechanical Tunneling Hypothesis for

Methyl Group Motions in Solids: . P

Ve

Methyl group motions in methyl-containing solids have long been
iﬁ#estigated by various experimentai techniques, especially proton NMR

methods such as spin—-lattice relaxation, line width and second moment

~
v

1 )
studies. J As the temperature is lowered, minima in the spin-lattice

relaxation time Ti’ and increases inline width and second moment occur,

corresponding to freezing-in of the methyl motion. In each type of

i

! .
experiment, a firequency v may be associated with the motion20 dand

correlated with the temperature. In this way, frequency—temperéture

relationships can be established for particular methyl group motions. -

i 1
! v

The temperature dependence of group motions such as barrier
hopping of various side chains, including methyl groups has, in the
past, frequently been expressed by thé Arrhenius equation which has .
begn described ea¥lier (Introduction, Part A). This equation predicts /

a straight line telationship between log v and 1/T with The slope

proportional to the barrier height E,. ‘ '

Low temperature NMR tests on methyl-containing solids have -not

always, however, shown an Arrhenius type of behavior. This can be

seen, for examylﬁ, from Figurevd, which contains the frequency-tem- |

perature relation calculated by Das21 from line width measurements for

/

PTIEippe

P .- ’
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FREQUENCY-TEMPERATURE RELATIONSHIP FOR 1,1,1-TRICHLOROETHANE 7
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1,1,1~trichloroethane (CH3-CC%3) conducted by Powles and Gutowsky22
as .early as 1953. It is clear that.the log v versus 1/T graph is
J .
curvilinear over the region studied. Such deviations from Arrhenius
; » i

behavior have been correlated with rotational quantum mechanical (QM)

tunneiing of methyl gfouﬁs in these materials at low temperatures.

|
The mathematical treatment of rotational tunneling only differs

- frop the one-dimensional illustrat:i:on given previously (thvese of the

3

simple harmonic oscillator) in that particle mass and linear distance
must be rep]{aced by the moment of inertia I and the angle of rotation ¢
y .

of the rotétingi species. Figure 5 depicts the hindered rotation of a

o

methyl group within a three-fold sinusoidal potential barrier for the

case of ethane, assuming a barrier height of 2.75 Kcal/mole. The energy

°

minima and maxima correspond to the staggered and eclipsed configurations

?f the methyl protons as shewn in the Figure. Here; the ethane molecule

!
is being viewed along the C-C axis. The first three vibrational energy

3

levels calculated from the wave equation are given. It is clear that

g

rotation of a methyl group in the ethane molecule implies that poten‘tial
s <

hills must be overcome, in the same sense as for a single particle.

approaching a coulombic barrier.
¥ b
Vi

Quantum mechanical treatments (to be described later) indicate that,

at a given temperature, there is not only a probability that the

=~

rotating system will hop over the barrier (the classical case) but also
a probability that tunmeling through the barrier will occur, with the
& ! haad .

tunneling frequency dependent on the barrier height and the moment of
. ‘ : )

: : !
inertia. This pi,ct&re would be similar for methyls in.other molecular

environments, except that the hindering potential barriers would differ.

[
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Rotational QM tunneli?g of methyl groups has been treated from a ;

theoretical point of view by; Das21 in 1957, Stejskal and Gutt:nf,'sky?'3 in
1958, and moré recently by Apaydin and C:\.cmgh,z4 Allen and Clough,ZS*
Davidson and Miyagawa,26 Bloom,27 Allen,28 Hiller and Kroll29 and
Johnson. and Mottley.30 Thése theoretical approaches have followed quite
different lines: Das, Steijal and Gutowsky, Apaydin and Clough s Allen

and Clough, Bloom, and Johnsti and Mottley dealt with NMR phenomena;’

Davidson and Miyagawa, and Allen attempted to explain electron spin re—

sonance (ESR) effects; and HUller and Kroll considered neutron scattering

evidence of methyl ¢roup rotational tunneling.
group g .

! /
Das21 applied -a theory of tunneling through n-fold periedic barriers

which previously had been used to explain fine structure in rotational
microwave spectra, to the problem of calculating barrier heights from
NMR data in solids. The theory, applicable to one dimensional potential

barrers only, was applied to line width versus temperature data and Tl

versus temperature data for various low molecular weiglit compounds, most

i

+ .
containing CH3, CF3 or NHj groups capable of hindered rotational motion.

1

In particular, he deduced a barrier ﬁeight of 6 Kcal/mole for the-

xotation of the methyl group in 1,1,l~trichloroethane (for which data was
o~ . i Ve

given in Figure 4). !

N

Stejskal and Gutowsky calcﬁlat’ed thé average tumieling frequency vt
as a function of temperature for barrier heights Vo in the rangé of
) t . ~F

2.36 to 7.92 Kcal/mole, for a methyl group

attached to a rigid frame-
o/ ,

i
!

work, assuming a potential of the form :

V = ivo ‘(1‘ + cos 3¢)

t
?

* It should be noted that Clough (Refereﬁces 24 and 25) has recently

retracted parts of his theory,
, :
, ) .
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where ¢ is the angle of rotation of the methyl group. Substitution of
H

this potential function into the Schr8dinger wave equation, yields an

expression of the Mathieu equation type, for which numerical solutions

were obtained. These solutions were considered more rigorous than the

approximate expressions derived by Das,

-

L4

Stejskal and Gutowsky's theoretical résults, which are shown in

Figure 6, predict that, at high temperatures, or in the absence of

tunneling, the frequency obeys an Arrhenius temperature dependence,

while, at iow temperatures, in the presence of tunneling, it levels off,

ultimately becoming independent of temperature. A wide range of experi-

mental NMR results is in general agreement with this hypothesis,

Odajima, Woodward and Sauer31

calculated from line width data above 77°K for poly(methyl methacrylate),

21,31-36

found that the correlation frequency Vo

/(PJkA), poly(methacrylic/acid), poly(sodium methacrylate), poly(a-methyl

styrene) and the o-methyl styrene monomer began to level off with de-

creasing temperature, indicative of the onset of tunneling there.

and von Mylius34

have observed similar effects in wide line NMR measure-

ments on PMMA and poly(methyl acrylate) in.studies over the temperature

range of 5 to 293%. Kﬁutson and Spitzer32

/

studied the NMR line shape

of poly(methyl-a~chloroacrylate) at temperatures as low as 1.5°K, con-

cluding that the CHj; group reorients rapidly at that temperature, i.e.

m—T

at an averaée rate greater'than 10%/second. This would be consistent

I

*

Ve

with quéntum tunneling of the methyl group through a barrier of less

than "Vv3Kcal/mole.

/

Kosfeld

4

-
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FIGURE 6 , .

THE AVERAGE TUNNELING FREQUENCY AS A FUNC‘I"ION OF TEMPERA’I.:[JRE

@

e FOR A METHYL GROUP, FOR BARRIER I?EIGHTS IN THE RANGE OF 2.36

10 7.92 KCAL/_MOLE (CALCULATED BY STE.{SKAL AND GUTOWSKY23) .
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Haupt and Mll].ler—l«larmuth33 performed nufclear spin-lattice re-

'

laxation rate measurementg at*i4.5@0.7 MHz on toluene gnd several
fluorotoluenes down to liquid heliu'm temperatures and found low temperature
methyl relaxations stronger than those predicted by classical theor‘y. They
suggest that "at loW temperatures, the motion causing spin-lattice re—
laxation is reduced “t“b certain torsional transitions between the lowest
states, which are connected with tunneling". This interpretation appears

consistent with the theory of Allen and Clough25 which attributes a low

-1 peak observed at 5% and 25 MHz in pentamethyl benzene35

temperature T
’

1
to a secondary. tunneling-assisted reiaxation. Recent Tl measurements at ..
60 MHz on lpoly(isobutylene) and poly(carbonate) [;erformed by I.:ammel and

Kosfe1d36 have indeed found indications of two T minima in each polymer,
the lower relakation (occurring at V7K (60 MHz) in both cases) considered

3
due to tunneling methyl groups. Allen'328 theory of QM tunneling suggests

that the average tunneling frequency will increase with decreasing tem-

. &
perature at very low temperatures; this implies that the frequency of

methyl reorientation will first decrease with decreasing temperature
- ) o

K

(Arrhenius behavior)} and then level off as’ ;unneling ensues, finally

-, .

increasing again at very low temperatures. Thus a minimum frequency may

"
exist, so that & constant frequency experiment would show two relaxations
[}

"of a methyl group or none, depending-on the magnitude of the frequency..

| ~ - ‘
Lammel and Kosfeld's data>® afld that of Allen and Cowking35 appear con-

sistent with this. e T

o
'

Evidence that methyl groups are indeed capable of rotational

tunneling at low temperatures'has also emerged from several other types

2
A
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(T ) of experiments on methyl-containing materials. Among the most recent !'

26,37-41,43

are studies of electron spin resonance and @lectron nuclear,

2,43 Davidson and ﬁiyagawaz? studied the ESR

N . ‘ double resonance (ENDOR);4
absorption of the intermediate radical CH3CHR from L-alanine at 4.2%

and developed a simple methyl rotationzl tunneling model to ‘explain their
’ 37,38,39

observations; Clough and co-workers investigated the ESR spectrum.

of y-irradiated 4—methyl—2,6—diterti§rybuty1 phenol (MDBP). It was demon-

strated37 that a change in the ESR Ayperfine structure and maxim; in the

NMR sp}n—lﬁytice relaxation rate both occurred near 140K in MbBP and it

was suggested that both effects were due to rotational tunneling of the |
- hindered methyl. It was claimed that the two types of experiments re-

presented simiiar dynamics of the methyl group. Later,38 peaks..in the

( magnetic field dependence of the proton spin-lattice relaxation rate were

observed at 1}quid'he11um temperatures and attributed to resonances between
the methyl tuLneling frequency and the Larmor frequency associated with

) §§ the unpaired electron. It was 1ater39 gshown that, for an MDBP specimen B

thermally quenched to 4°K, a cross relaxation between the electron spin . .
, A

transition in a magnetic field and the transition between tunneling fd—<

tational states could be detected'thermally; it,was claimed that this ;

x‘t"'
"cross relaxation releases the stored mechanical energy of tunneling

rotation to heat jthe sample".fTemperature rises of{ the order of 1 mK

degree were observed in thisstudy. Clough's group alsc investigated

7

methyl group tunneling rotation in y-irradiated mgth&l malonic acid

crystals by ESR ,‘fv:an by ENDO & sample containing deutero-methyl

bl

v groups wag also siudied.43 It'was shown that the frequency of methyl (CH3)
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tunneling appears to decrease with increasing temperaturéagbove N25°K,
’ 28

41

0y

' /
in reasonable agreement with the theory of Allen. The work on deutero-

methyls (CD3)43 ind%gated that CD3 groups also undergo rapid tunneling -
% . N <
rotation at 4°K with a possibly lower barrier to rotation than that for

the non-deuterated analogue.

‘Proposal for Viscoelastic Relaxation: .

44

/ f
In 1969, it was proposed by Eisenberg and Reich ' that rotational

1w

tunneling of ﬁethyl groups could be involved in viscoelastic relaxation,

o -

the basis for this suggdstion being.-the existence of low temperature

7

mechanical loss peaks in methyl—containing polymers at temperatures too

low to be explained by the classical abprdach. Too few methyls possess 2

sufficient energy’at (say) 40°k (a reaLonaﬁie temperature for the low
temperature relaxations) to overcome barriers of greater than "2 Kcal/mole

J

(also reaso?able for methyl motionSZI) to account for ihe observed energy

/7
- ’

dissipation. The proposal made use of the Stejskal and Gutowsky theoretical

.treatment of methyl group tunneling around the:Cjy axis.z3 It was pointed

out by Eise?berg and Refch that the{prediction that the average tunneling
frequency levels off with decreasing temperature eould explain not only

the low temperatures of the observed loss peaks, but also the relatively
large width of the peaks (half-width %20 to 70°K for the m thyl;substituted

7
polystyrene peaks which occur at N40°K.4%AA success of the approach was

.t

that the application of the QM hypothesis to the observed dispersfons led
to quite reasonable estimates of the barrier heights for the different

{ ¢ i ' )
methyl groups based on structural considerations. It was observed that

the barriers clustered around two values, 4 Kcal/mole and n7 Kcal/mole,

o . ,
- .
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energy difference being carzied off by J phonon, and an optical analogue,

’ s
J ,
the former being considered appropriate for methyls attached to ester

side chains and those attached to carbon-oxygen backbones (as in poly(pro-
pylene oxide) and the latter felt reasonable for methyls bonded directly to a

carbon backbone (as in, the methacrylate polymers,and polypropylene).

A more detailed mechanistgi picture supporting the tunneling invo
ment was later given by Reich and Eisenberg 46 Their proposed explanation
considered that a dynamic viscoelastic test imposed a cyclic strein on [the .,
polymer specimen, modulag§ing the intg¢fatomic distances at the experimental
frequency (say 0.1 to 10® Hz), and resulting in a corresponding modulation
of the barrier heigﬂt restricting methyl rotation. This change in V3 causes
a change in the torsional energy states of the methyl rotors. It is suggested

. .’ . .
that, at low temperatures, methyl tunneling rotation may occur between the

-

same torsional states (but differing slightly in.enetgy'due to a barrier
modulation” also occurring), with the di%ference ;n energy carried'away

by a phonon. The emitted phonon would ultimately be thermalized, leading
to energy dissipation as heat.” Several well-known processes were cited "

as support for the broposal' these were the cases of inelastic electron
. -

tunneling from one’ conduction band to a lower one through a barrier, the -

in which a monochromatic be incident on a transparent médium where the

refractive index is modulated in time, yields\transmitted waves zith the
- \ V7 '

original frequency (say v;) and also two components at frequencies above

and below v; by the modulation frequency.

P4

Reich, and Eisenberg claim that the most B%on0unced viscoelastic re-

- -

laxation should occur when <vt> is approximately equal to the eypﬁrimental-
|

>
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frequenéy, since, if tunneling ochrs at a slower rate, then it is mainly

)barrier modulation (which is elastic) that is occurring; and, if tunneling N
is taking place'at a faster rate, then most tunneling—qvents are eiastic.
The authors carried out a simple cdlculation illustrating that the expected
|
energy change in the propoged inelastic tunneling was of the same order as

!

the most probable phon?n at low temperatures (say NlOOK); therefore phonons
1

-
produced by the suggested mechanism could iTteract with thermal phonons,
resulting in energy dissipation. It was also shown that only a small fraction

of the methyls would have to participate/in such a mechanism to explain the

size of the low temperature loss peaks in the methyl-containing polymers.

g -
The proposed connection between methyl group tunneling and visco-

elasticity was not, however, universally accepted. Tanabe et al.47 detected

-

small mechanical relaxations in ultrasonic tests at 10 MHz in sevéral methyl-
containing polymers - polypropylene;/poly(methyl methacrylate), poly(efhyl !
methacrylate), and pdiy(igobutyl methacr&iate); the félaxations were ob-
;etved at v220°K for the methacrylate polymers and at n160°K for polypropylene
and werd.aécribed to the motion of methyls attached d;rectiy to the polymer
backbones. These authors concluded that methyl group motion led to méchani—
cal relaxation; but suggested that QM tunﬁéliﬁé was ineffective as a
mechanism. They arrived at this conclUsi§h via a summary of dynamic mechanical t
“and WrR log v verdus 1/T data for ﬁethyl groups in four types of moleculaJ
end&tonmént -~ those attached to tertiary carbon atoms, secondary carbon -

atoms, CHp units and oxyggﬁ atoms, 1r being assumed that the b;;riers to
rota;ion’wuu d be comparabie~for each type. (It'is interesting to note that
Eisenberg anl

Reich44 also cquared similar polymer types in théir proposal

> 4 L4

Ve
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and dame to the opposite conclusion as Tanabe et al., l.e. that quantum ’.

&

Tu elig@ could explain the low temperature viscoelastic data.)

v

“- Support for an interrelation of methyl rotational tunneling and

viscoelastic relaxation has also emerged; Sauerl‘8 has reviewed the low
~

émperature relaxation phenomena observed/}n gseveral methyl-containing

' olymers and has noted that the general pattern followed by methyl motions

is inter?édiate to Fhat predicted by classical and tunneling théor;es,

i
@uggesti@g that quantum effects will be manifest' at very low temperatures.
i, - | -

Golub' aﬁd Perepechkoag measured the velocity of longffudinal and transverse
ultraso#ic waves in PMMA at 1 and 5 MHz and temperatures from 2.1 to 240?K;
\ they found that,the velocity continued to increase with decreasing témpera— “

»

| ture all the way down to Z.IOK, and attributed this result to the occurrence

~

(‘

. \oﬁ rotational QM tunneling of methyl groups, along the lines of the Reich
and Eisenberg model.46 In addition, they claim that a dispersion in the

"belocity exists %t n140°K at 1 MHz and “160°K at 5 MHz, and that this re-
o« o

-~y

laxation might be due to the side chain methyl motion. It would seem more

.reasonable to ascribe this to the hindered rotation of backbone methyls,

- ' however, in rough agreement with the observations of Tanabe et al.a7 It

-

.

should be noted als¢, that the relative eJror in their velocity measure-

ments is stated by Golub' and Perepechko as being %1%; this would be |

3

. 4
1 expected to make the observation of the small methyl dispersion very ..
~

|;difficult, as will become apparent from the data reported in this thesis.

.

. ¥
~ kndeed, what they observe 1s a change in slope of the velocity/temperature
curves, and not inflections which are characteristic of mechanical re-
laxations. Thus the 'temperatures they suggest for the relaxation may be

. + ’ (
~
.
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only approximate. Nevertheless, the observed velocity increases at very

low temperatures may indeed suggest a QM tunneling phenomenon, perhaps
|

related to motion of the ester methyl in PMMA.

Additional support for the QM hypothesis has arisen from the neutron

50,51
W

incoherent inelastic scattering studies of Allen and co-workers, ho
L] .

calculated the thr}:e—fold barriers to rotation (V3) of the a-(or backbone)

[T
TR

nleélk\yl group in syndiotactic and isotat:'tic PMMA from measured torsional
fréqueﬁcies of the group. (Lt was necessary to prepare— isotactic PMMA-COOCD;,
in order to obtain a reliable value for the isotactic polymer.) The improved
resultsSl led to p?tential barriers which agreed better with V3's calculated
from existing NMR experimental data for PMMA by assuming.that methyl: t\lnneling

was operative than with activatiorwlb energies calculated by assuming Arrhenius

rel.z:a tionihips . . -

4

For several non-methyl containing systems, tunneling has been connected
7

“

with viscoelastic ani dielectric rélaxation: Jacklesz‘ considered a model

for a glassy solid in which atoms (or groups of atoms) possess two equi]]ibrium

positio;s within an asymmetric double well potential. At low gemperatﬁres,
trar;sitions between the two grour;d states are poe‘:sible ,by tunneling, with

a phonon absorbed or emitted, providing a mec\hanisni of structural relaxation.
This picture seems similar to thz;t proposed by Reich ar;d Eisenberg46 to’
expla;.n energy diésipation by a tunneling methyl group where asymmetry in
the barrier r;asults from m;)dulation by an external excitaition; Jackle '
derived the sound absorption from this rlelaxation process {and compared the

result with recent experimental data for the ultrasonic attenuation :Lti) b

fused silica at 2 GHz and 1 to ZOKJ ,obtainihg qualitative ‘agreerrent between

o

ot A v
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theory and éxperiment: Very rgcently, Yato et al.53 studied the dielectric
loss in high density polyethyleme from 1.5 to 4.2°% at 10 Hz to 10 KHz,
P

concluding that low temperature peaks were due to phonon-assisted tumnelihg
of hydroxyl protons accidentally attached to’tertiaqy carbon” atoms. A’

]
potential calculation for the OH rotation within the distorted polyethylene

lattice ‘suggested that protons could be present in a double well potential,
5 ‘ , : '
which (as has just been discussed) can lead to tunneling-related structural
\ - » =

f -
relaxation. It may also be mentioned here that the angmalous thermal pro
perties of glasses at low 6emperatutes54 can be explained qualitatively by

, ) 5
theory involving "tunneling—level-—pairs".55

Literature data on mechanical relaxations of methyl groups in poly-

6,11
mers

has, however, proved insufficient to distinguish between tunneling-
and thermal activation. This is becauig very little viscoelastic data,
»

especialjy high precision results, exist°for’methyl relaxations in general,

which do exig} cover only 1imited femperature/and frequency regions.

an:/iggfe
Even the occurrence of methyl,peaks

ot

is surprising, since methyl rotation

under a symmetrical three-fold potential is not expected to result in

mechanical 1oss.ll Neverthelesg several mechanical peaks have been ascribed

/
to methyl groups.48’56’57

The principal objective of this thesis is to resolve experiméntally

the question of theighvolvementuof methyl tunﬁélinglin viscoelastic re~

llaxation, For this p;rpose an expérimentql examination of the y relaxation

in poly(methyl methacrylate) was launched. This relaxation was chosen, since

it had been identified as due to rotational motion of the backbone methyl
: ' g

¥
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"mental study. First, if the temperature dependence of th viscoelastic

energy dissipation peak is of the Arrhenius type over the entire range,

" Our accessible frequency~temperature region (shown as the area enclosed ,

e Eids.

.
- ‘ . . .

group,6’42358’59 and is“experimentally accessible in convenient frequency

3
- a 4

and temperature regions. Of great importance to this investigation is the
effect qf isotopic substitution on tunneling, which is well known. In

particular, the influencé'of deuteration on the rotational tunneling fre-

? IS

quencies of. methyl groups was examined by S. Reich,60 whose calculation

(based on the theory of Stejskal and Gutowskyzz) is given in detail in “llé»
* 3]

o

Appendix I,/for the oonvenience of the reader. Reich's treatment showed
that déuteratiop sﬁould lead to only very minor changes in the classical
region, while producing a'profound‘shii‘ to lower frequency in the . ]

tunneling region. This is illustrated in Figure 7 for methyl and deutero- #

me thyl groups in-a potential well'of 5.9 Kcal/mole. | \
e

A ¢

" Two features: apparent in Figure 7 ptovide the basis| for this experi- [

e o

n

a

then tonneling is. unlikely, while a levelling-off would gupport tunneling.

by the\dot;ed~lineb.in Figure 7) indicates that this lev lling-off, if }

present, should be seen for the non-deuterated, polymer. P AN
- » ) 'i

-+  The second feature which can be investigated is,t e isotope effect.

If 1t were shown that the behavior of the material containing deuteroi

A

methyls 1s very close to that of the non-deuterated ana#oghe, then
. ) . ,

.

‘ tunneling would be- excluded, while the presence of-an iéotope effect ~

of the type shown in Figure 7 would prove that tunneling is 1%oeed in-

[ Sl f'

- volved in viscoelastic relaxation. It should be emphasized that these

13 4 -
criteria are based on the asstption that the theory of Stejskal and Gutowsky
1 ooy
is valid iﬁ its esséntial features- in its description of the tunneling process.
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F1GURE 7 ’

THEORETICAL FREQUENCY-TEMPERATURE RELATIONS FOR METHYL AND
DEUTEROMETHYL REORIENTATIONS BY CLASSICAL ROTATION AND QUANTUM
MECHANICAL TUNNELING FOR A BARRIER HEIGHT OF 5.9 KCAL/MOLE. - , i

THE DASHED LINES REPRESENT THE CLASSICAL CASE AND THE AREA

ENCLOSED BY THE DOTTED LINES IS THE RE(FION ACCESSIBLE BY THE -~ .

'~ , EXPERIMENTAL TECHNIQUES USED HERE.

U VI
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(T. . C. LITERATURE REVIEW OF MOLECULAR MOTIONS IN PMMA

i
1. The Overall Transition Map:

"As a material of great commercial importance, conventional PMMA,
[ -
_the structure of which is given in Figure 8, has been much studied
/ ‘ '

Jby dynamic hechanical, dielectric apd NMR techniques. The literature

7

data up to 1967 have been quite thoroughly reviewed by McCrum, Read \

and Williams11 and by McCall6 who presented the results in the form

of log v versus 1/T plots. The combined data from these two studies

hae been augﬁented by additional literature results for methyl group

motions in PMMA31’34’47a49.56,61

'S '

in;Figure 9. This shows, with decreasing temperature, the glass
1

to yield the transition map given ’

i

transition relaxation (a), the ester side group motion (B) and a

P
P dispersion due to water impurity (labeled 'H;0'). All of the points

k» ‘ " at still lower teﬁperaturés are ascribed to motion of backbone methyl

groups (y), with the exception of the points in the vicinity of l

1000/T ="13, which are attributed to the side|chain or ester methyl

group (§).

The methyl motions are interpreted as rotations of the group,

and are not expected to be dielectrically active since no change in: é

P ey
—_—

r <
! ' + dipole moment would be occurring. This appears to be confirmed by the

absence of dielectric data for the methyl regions of Figure-9. It can

;ﬂ \L ; . be seen that previodé';iterature data for the backbone methyl or v .

PR

2 - - <relaxation are very scattered; there have been few mechanical values N
3

and the NMR information has been limited to fairly high frequencies,

»

greater than about 103 Hz. From previous results, it has been-difficult

A g e

“(L« to draw jany conclusions insofar as the mechanism of relaxation is con-

) " cerned.
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FIGURE 8
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THE STRUCTURAL FORMULA FOR THE REPEATING UNFT IN PMMA. ‘ ’
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TRANSITION MAP OF LITERATURE DATA FOR CONVENTIONAL

POLY (METHYL METHACRYLATE). -

W

:
%
;




LEGEND

NMF
O Mechanical

A

f

/

=

Dielectric

. ot 0 et s da Sy e T



=
N

y/a

2. Literature Results for the Backbone Methyl Relaxation:

a) NMR Data: ,
v - , .

- It 15 :frthwhile, at this point,’to consider the literature

results for the backbone methyl motiod in some detail, since it

is to this relaxation that the tunneling hypothesis is to be -

applied'inqghis thesis. The NMR evidencefis more extensive than

'
:
| s

; the mechanical ?ﬁta, and will be discusspd first.

58
Powles™ appears, to have been one of the first researchers
[ ¢ iy

to observe the ba#%bone methyl relaxatioﬁ in PMMA; in 1956, he
- - ¢

" carried out line width and second moment studies on that material L g

over the temperature range -196 to + 200°C, and discovered a .

{
\
G/" : "* transition at ~~110°¢ corresponding to a frequency of molecular ;

-

m#tioﬁ of n10% Hz.'Powles suggested thaf both main and side chain

me thyl groups might be responsible for the motional narrowing, but

' . ! "
it now-seems evideht that only u-methyls‘are involved. Three years
klééer\ﬂengus and theré,62 observed the same effect in PMMA con- ' *
taining 0.27 wateri finding a change in line width centered around

167°k at ~4.4x10% Hz. Sihnott59 also measured the NMR line width
and second mome nf in PMMA as a function of temperature from 77°%K
-

to 400°K. He found evidence of a molecular re1a§9tion occurring

over a very wide temperature region (A130-230°K) at ~10% Hz which -

s

he gttributed to motion of the a-methyl groups for the following

reasons: theoretical calculations of the magnitude of the second

- moment and of the MR line shape for (i) a completely rigid

1 + - 3

3
7
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_structure, (ii) hindered rotation of one methyl group and (1ii)

‘had its methyl undergoing rotation at 770%’, as th

- 35 - : : P

- ]
hindered rotation’ of both methyl groups, when compardd with ex-

perimental values of seconci moment and the observed line shapes
at ]701( and 30001(, suggested that at 77% (i.e. atAa temperature
below the wide relaxation region) rotation of one mdthyl group
was occurring, while at 300k (above the transition) both methyls
were reorienting. Moreover, poly(methyl acrylate) 1th was also

studied showed no similar relaxation in the 77-250]K range, yet

retical cal- .

culations indicated. Thus it was very reasonable to conclude that
the methyl group which was moving at 77°k (at >n1p* Hz) in both
polymers was the ester methyl and that it was the a-methyl of PMMA

which began to move at '\113001(, producing the secopnd moﬁl_ent de-

crease centéred around 180°K in that polymer. Oda/jima, Woodward

and Sauer:u1 effectively confirmed Sinnott's identification in their
study (from 77°K) of the NMR line width and sec‘nd moments of four
polymers, including PMMA, which contained backBone methyl groups:
all four polymers displayed marked second momeht changes in the
100-250°K reglon undoub‘tedly‘dl‘xe[t;g— the occurngence of the u-ngthyl
mot:i"on. Odaj;ma et al. calculateél correlation|frequencies at
va}'ious temperatiures within the relaxation régions andiobserved
delviations from linearity in log v versus 1/T| (as has been noted
previously) . Thelr points for PMMA have been included in the

9. Kosfeid and von

literature transition map presented as Figur

Mylius,:m* in a more recent wide line NMR study which covered
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temperatures down to 5°K, have pre?ented results for the a-methyl ‘

)

transition in the same way; thgse“fesults have similarly,been

placed ih‘Figure 9. It is interesting to note that this low tem-
perature étudy detected what is presumabf@ the ester methfl re-
1aLation below A75°K (w105 Hz) for which a levelling off of the

frequency with decreasing temperature (indicative of a QM tunneling

4 |

,mechanism) is apparent. .

In addition to NMR line shape stugdies, sevefartinvestigations

P )
of the spin lattice relaxation time T:-4ds a function of temperature

1
W (e
have provided evidence of the a-methyl rplaxation in PMMA. Kawai,63

in 1961, located a T, minimum at v_ “40/Miz and 263°K in PMMA, which

1

7

he¢§ttributed to the main chain methylf groups on the basis of the

f a Tl minimum in two other -

methacrylate polymers studied. Kawaj/, however, also suggested that

occurrence at about that temperature

/
ester methyls were involved in thifé relaxatiod (which is what

,Powlesss originally thGught) buy the reasoning behind this sug-

gestion is not clear. Moreoverj, a decrease in T, below n-150°¢C is

1
-occurring, probably due to the freezing-in of the ester methyl .

.motion. Powles and Mansfield64 observed a Tl minimum at ~250%K in

an experiment at Ve n35 MHz on commercial PMMA containiﬁg 0,17
monomer, in close agreement with Kawai's result, and tentatively
’ ' 7
e .
assigned the relaxation to the main chain methyl motion..Powles,

6

Strange and Sandiford65 later presenfed results for PMMA which

4&5 more than 907 syndiotactic and for an isotactic specimen which

i
v
)

I

T
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wag stated as containing less than é4Z atactic material.. The T1
minimum (at v, ~35 MHz) moved from ~260°K in the syndiotactic
material to ~220°K in the isotactic polymer - a shift of N&OOK,
which, interestingly, was almost the same as the observed shift
in the hiigher teﬁperature softening transitiqnu,€onnof and
Hartland66 later extended these experiments tp lower frequency, via
T measurements ( vc ~10%+7 Hz) on commercial and isotactic #yMA

lp -
(the latter again containing <247 atactic material) finding Tl

minima at 1000/T values of 6.3 and 8.0 ra&spectively.

7 e '

Dynamic Mechanical Literature Data:

The evidence for a dynamic mechanical relaxation correspghding

to the backboneﬂmephyl motion in PMMA is somewhat limited. Heéndus

»
]

?t al. 2 have reported‘mechénical loss peaks at four freqLencies
in the temperature andlfrequency regions of 250 to 120°K and 108°5
t:o“lO3 Hz respectively in PMMA containing 0.27% water; éhese data:
are consistent with their observation of an NMR line width_narrowing‘
- =7

located at "167°K (vc nh L 4x10" Hz), which has been ascribed to’
aLmethyl motion. The authors did not}report the ;ctual tan § versus
temperature curves, however. Si.nnott67 measured the shear modulus
and internal friction of PMMA between 4.2 and 100°K with a low

’

temperature torsional pendulum operating at &8 Hz. Within the
~ i

.

precision of the éest,.no relaxation was detected over the tem-

perature region studied. An increase in tan & was, however, ob-.
v - (o]

served for decreasing temperature below %20 K; it was postulated

that this might be due to the onset of the ester methyl group re-

origntation. In a later publication, which dealt mainly with NMR .

7

»
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m: of Crissman, Sauer and Wood ard,68 who carried out dynamic mechanical
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evidence of methyl motion, Sinnot;psg stated that a small loss
peak had bheen observed icn Pm at lQOoi( and approximately 1 Hz,
and assigned it to the main chain methyl wotion. Except for this
\single"goint (for which, incidentally, the tan 6 curve did not

appear) there 1is no other dynamic mechanical evidence for an

o-methyl relaxation at frequencies below ~103 Hz!

Bordoni, Nuovo amd Verdin15§ have, however, carried out some
high precision dynamié mect}anical tests of the flexu;:al vibration
type on both plasticized and unplasticized\Pm/lA specimens, lc;cagng
small relaxations for those materials which are in the frequency/
temperature region ex?ected for the a-methyl motion (as indicated )

\

by the MMR results). In the unplasticized spécimen, the transition

Y : -

" was observed at n110% at a frequency of ~7 KRz as both a peak in

tan 6 (peak height ~0.0002) and an inflection in the resonant fre-
quency (rewlaxation strength of the order of one part per thousand)..
A second very small inflection in the frequency is poss_;i.b‘ly present
at 160°K. Powles et al.ﬁsl have suggested that Box:doni's pgak may

“be due to plasticizer. /There is some support,for this in the work

tests in the 6-300°K rarfge at ~10% Hz on a longitudinal vibration.

apparatus; they found that unpurified commercial PMMA gave t:wé 1oss

maxima at ~14 KHz - one at 42°K and the other at 140-17001(, which

:

were not evident in a teét at ~9 KHz on more purified material.

[

There is, howaver, a hint of an inflection in the modulus in the

- latter test at ~130%K, although the test pre¢ision is insufficient

- ~
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to confirm this. Such a temperature and frequency location would
be consistent with the a-methyl coordinates from NMR work; it may
be suggested here that detect(ion of the a-methyl relaxation in

dynamic mechanical studies may require a high degree of precision

in 'the test, and that it is for this reason that the mechanical

) . /it
evidence for this dispersion is so meagre..It should be added here
that Shenr Strong and Schlein69 have observed a very sm711 loss‘

peak (tan & peak height of the order of b.OOdl} in an acoustic
o

’
spectrometer test on both

{and prébably 800 Hz, althouogh the exact test frequency is not

given), which may have its origt\{n with the a-methyl motion.

[ 4

Ultrasonic tests have perhaps given the clearest indications
¢« of the a-methyl motion in

Tanabe et al.“ detected a;peak at v220°K and 10 Miz in PMMA which

they assigned to the backb

a fairly large peak, with

much smaller shoulder (say|one-tenth the peak height) may be present

at ~250°K. Hayakawa et al.

|
of ultrasonic waves at 3 MHz in PMMA and found a similar pattern

- a loss peak at ~160°K wi
the authors assigned to a-
(height n0.001) at ~210°K,

of Golub' and Perepechko,

L~
(X

e

b

y

water-swollen apd unswollen PMMA at"\AOOK ’

<

\ N "’H‘

PMMA. It has already been mentioned that

: .
ne methyl hindered rotation. This was

tan 6 peak height of 0.03. Another
! measured the velocity and attenuation,

th a tan § peak height of "0.003 which

n?thyl rotation, and a smaller shoulder

s

Lastly, the ultrasonic velocity data {’

which was previously described in some

-

detail, should be summari

(1 MH/z) and 165°K (5 MHz)

‘ I

. o - " - <
e Ve s s - e ST T sl &l e e T e

ed: disperlisions were observed at 147°K

o
o

for longitudinal waves, and at 135°%K

°
7
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(I MHz) and 150% (5 MHz) for shear waves; it should be ;re-emphasized,

, ’ * though, that changes in'slope of “the velocity/temperature curves wete
’ 14

‘ , ' found, and not inflections chgpacteristic of mechanical relaxations

.
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* JII. EXPERIMENTAL TECHNIQUES

. v o * i e
’ A. SAMPLE P'REPARATIQW AND CHARACTERIZATION BY HIG%T' RESOLUTION(NMR:

e

{ : Nonrdeutetated PMMA“"HQ and its' fully deuterated analogue,

'

h) | PMMA-Dg, were prepared, the latter synthesis having been accomplished
in col.laboratlion with Dr. E. Shohamy. Commercial methyl methacrylate .
- (MMA-Hg) -was first purified by ext;action with an aqueous sol‘u::f:lon of
NaQH and NaCl to remove the hy;c_iroquinon.iinhib’j.tdr pre?m‘.,\ﬂar}d dried

a

_\\“ over sodium carbonate; it was then bulk polymerized under n:thlrogen

-
o

At 80-][0000 by the free radical method using azo—bi“s—isobutyfonitrile

. {0.05 weight 7;,); as in{tiator, after several freeze/thaw cycles under ‘

:

vacuum to remove disSol;le'd oxygen. The polymer formed -&a[ purified

8 . &

S PRI ATAOBIN A e [T1] WP, WY P P e ot s s
.

by disso;vinug in methylene chloride and reprecipitaéing ( ith methanol.

KR

.The deuterated monomer was synthesized by the star’{dard modified

Do il e o e et e

‘ o acetone - cyanohydrin process70 using deuterated reagents. (>99% D) i
? > . . . . - . .
& ” throughout. This reaction proceeds in two steps as fou WS¢ )
1 K . @ . ‘ -
i L Step 1: Preparation of Acetone Gyanchydrin: s o .
! . s v ) .
. »
4 " ‘ 0 D ' - B
i . ' ' D504 E o ' ¥
‘ a . . CD3-D-CD3 NarH VCD3-g:g_D Sl ;
| ‘ S ' < l -
Q /
) i acetone-Dg | acetone cyano-
N . ' : " hydrin-Dy .
‘ o / :
’ * ‘ ~ »* 7
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StTp 2: Preparation of Methyl Methacrylayte:

'

CD3  D,80, ¢D3 |
CDa*g—OD W CD2=(|:
csNn 3 =0 ol
’ ' 0CD3
acetone cyano- methyl meth-
hydrin~Dy acrylate-Dg
’ P b S

[
-

{ i '

The synthesis of deuterated acetone cyanohydrin (Step 1) involved th

" dropwise additién of 40% slulphuric acid to a chilled aqueous solution
of sodium cyanide and acetone, with 'vigorous stirring. The final re-
action mixture was allowed to stand overnight in a cooled state, during
which time a separation into two liquid phases had occurred. The o‘fganic
phase was collected and the aqueous phase was extracted with diethyl
ether, with the ether e:;tracts added to the previously séparated organic
phase, which was the/n dried over anhydrc;us magnes{um sulphate and
suction filtered. The ether was removed by rotary evaporatjton and the

.remaijling ma'teri?]: was —v;cuum dis'tilled, with th/e deuterated acetone i

_cyanohydrin collected,’ at 56-57°C at 0.6-0.8 mm Hg. For‘a cl;arge of 50 g

acetonerDg, 31 g of acetone-cyanohydrin-D; product was recovered by
» i : !

this procedure. To ensure complete deuteration, the synthesis was

carried out in D»0 media, since acetone can exchange its protous with

thé solvent via keto-enol taptomerism. o
. e

The synthesis of deiterated methyl methacrylate from acetone ~
cyanohydrin-D; (Step 2) consisted of adding the latter dropwise into |

a flask containing hot concentrated D250, to which a small quantity of

N
©

-
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t

tannic acid -had been added. Upon completion of théf addition, the tei—
ature waé raised from ~80-90°C to 135°C for one~half hour, and then
allowed to fall to 60°C at which time D,0 followed by the methanol-Dy’

weke added to the reaction mixture. A simple distillation was then

carriled out on the final flask contents with the{ distillate boiling at
68-75"C collected, This distillate (an azéotropé of methyl methacrylate
and waﬁer) was dried over magnesium sulphate and filtered. An NMR

spectrum taken of the MMA-Dg produced showed no hydrogen peaks. For'

3

25 g| acétone—cyanohydrin-D, V8.5 g of MMA-Dg were produced and used

Y

for po'lymerization by the free-radical procedure also used for MMA-H%.

Again purification of the polymer by dissolving in methylene chloride

o

and reprecipitating with methanol wad ‘carried out. .

Samples of isotactic and syndiotan&{titc PMMA-Hg (kindly suppligd by
Dr, B. .Ginsburg, Rohm and Haas) were .also used in the presen't study. The

tacticity of PMMA-H;; samples can be determined by high resolutiom proton

71,72

NMR studies of the backbone methyl absorption, Typically, three

‘closely spaced peaks are foug\d at a cthemical ghift of about 1 ppm; these

’ 7
correspond to syndiotactic, heterotactic and isotactic triads in order
<, ’

f incfeasing chemical shift. Figure 10 contains 100 MHz spectra for
g’ne; backbone methyl regions of the PMMA-Hg samples used in this study,”
as obtained on\a Varian HA-100 spect;ometer. The polymers were tested
in methylene chloride solution (8.07 weigt t/yolume) at 30°C, CHCly

having been seldcted as solvent since it gives better separation of the
,
three backbone methyl peaks than do other solvents.73 The syndiotactic

nmethyl peak can be seen/at 0.9 ppm, thé heterotactic at "l.1 ppm and
‘ ‘

|

i

|

¢
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FIGURE 10
100 MHz SPECTRA OF FREE-RADICAL, 'SYNDIOTACTIC' AND
ISOTACTIC PMMA-Hg IN CHpCL, AT 30°C, SHOWING' BACKBONE

METHYL PEAKS.
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5

the isotactic at ~1.25 ppm. The relative percentages of the three

tactic specles as calculated from peak areas are given in Table 1

f .
below, alorg with the densitie{s (at room temperature) o/f the molded

samples.

.

|

TABLE 1

o

AREAS OF BACKBONE METHYL [NMR PEAKS AND DENS

ITIES FOR PMMA SAMPLES

, < .
t
Density of Content of Triads
Polymer Type Molded Samples - : >
’ (g/cmd) % Iso % Hetero % Syndio
| . .
1
: #
Free Radical PHMMA-Hg 1.18 8 37 55
'Syndiotactic' PMMA-Hg 1.16 6 32 62
Isotactic PMMA-Hg 1.22 93 7, -
|Free Radical PMMA-Dg 1.28

PMMA—H“,; used in thisstudy contains mainly syndiotactic and heterotac/tic

triads in an.approximate ratio of 3 to 2, which is generally found for

From Table 1 it is evident that the free-radically polymerized

free radica; PMMA. (This ratio 'M.be assumed to hold for| the PMMA~Dg,

W e

-

i s -
1
. -\u os -
. -
- /
'
»
»

°

isotactic sample censist; almost entifely of isotactic triads.

bl

which was polymerized in the same way as.the free radical Pmd@-ﬂg.) The
'syndiptactic' PMMA-Hg is similar to the free radical PMMA: except that

it has a higher syndiotactic to heterotactic ratio of about 2 to 1. The
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DYNAMIC MECHANICAL TEST INSTRUMENTS: /

b

In order t6 elucidate the backbone methyl relaxation in PMMA, it

=

was necessary to carry out dynamic mechanical tests over a wide frequency

(3

and temperature region. Accordingly, épecimens of freerradically pre- /-’

’ /
pared PMMA-Hg and its fully deuterated analogue (PMMA-Dg) were compression

molded at ~20°C above their Tg of gpproximately 1050074 and investigated

’

using a free vibration torsional ‘pendulum with a frequency rang¢ of 0.2

to 10 Hz, a high pret;ision vibrating reed device operating the fre-
\ ¢

quency region 2x102 to 2x10% k;z/, and/‘an ultrasonic appargfus employing )

the single crystal pulse echo technique over the 106 £6 108 Hz region.

i

7 !
The loss tangent and modulus were u,/easured as a fydction of temperature

“

‘at approximately constant frequenc)'v, over the ranges of the three in-

rr

struments, using liquid nitrogen as coolant. Isotactic and syndiotactic
PMMA ,speclk\e’hs compression molded at '\:20°C above their Tg's of ’\ASOC, and

120°% respectively-M were also studied ultrasonically.

-It has been im?icated in the Introduction that dynamic mechanical

peaks and relaxation strengths due to methyl motions in géneral - and

the backbone methyl /motion in PMMA in particular - are exceedingly small,

o ’

i A / .
so that a very High precision is required/ in the measurements in order
I i .

. , J . B
.to ‘detect them. Previously, moduli have geldom bqen measured to better
f . M

. , ] !
than (say) 1% precision, with methyl mot/ions quite likely going unnoticed,

!
In the present study, considerable effort has been madelto improve the

pf’ecisiou of the usual dynanl\ic mechanical instruments: jan existing

. e

tordional pendul/y_m75 could be used directly iaut with a modified measure-

ment and calculation technique; the existing vibrating reed instrument

[
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/ g
whicﬂ employed an optical detection system76 did not afford the  re-

quired precision, necessitating development of an entirely new in-~
/

/
strument (new to this lab) opetating with a piezoelectric detection

¢t g ‘
system similar to that described by Fielding-Russell and Wecg:on”, but

w"ith a data acquigition system capable of providing extremely high
/precision modulus measurements. In addition to the development of this
sensitive vibrating reed instrument, an ultrasonic apparatus also capable

3
of wvery precise measurements, was assembled., This design utilized MATEC v’

Corporation electronics and an oscilloscope measuring technique which
. &
has been described fairly recently by Chung.v8 The princfples involved

in the use of these instruments will be outlined in the next section,

with detailed descriptions of the vibrating reed and ultrasonic techni~

ques given in Appendices II and III; these will enable the reader to

‘ e ‘
evaluate the tesé precision or to repeat the experiments if he 8o degires.

~
-

e

1. The Torsional Pendulum:

This instrument is of the inverted type and has been described

o

previously. in detail. 75 A schematic diagram of the experimental set-

up 1s given in F/igure 1144 a specim[en of rectangular cross—-se¢tion
e

is held in a fixed clamp ffom below and an inertial clamp. from above.
v .

The inef/:tial clamp is att ched to a crossbar (the so-talled inertial
arms) \Jhich,may OT may t"‘é!‘arry weights; and the whole assembly 1s

su~pported by a wire. In a test a twist is applied to the inertial

arms,|setting up a to_rsional oscillation in t!}e/sp;cimen; this motion
/ is detected either optically or otherwise and recorded, provi;iing
! - -
a signal with the appearance of "the one shown schematically in Figure

11B; The form of the signal is that of"fn exponentially decaying

sinusoidal wave.: -
/ Vi /
J -

s o st O - N . .
= v 7
s B . o " - x
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FIGURE 11A
SCHEMATIC DIAGRAM OF A TORSIONAL PENDULUM OF THE INVERTED

¢ ~  TYPE.
P .

A

» FIGURE 11B - .
SCHEMATIC DIAGRAM OF THE EXPONENTIALLY DECAYING SINUSOIDAL - -

AMPLITUDE OBTAINED IN A TORSIONAL PENDULUM TEST.
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The real and imaginary shear moduli (G' and G'' respéectively) i

¥

and corrected loss tangent (tanjéc) were calculated from the following

equations:79

~
of

2
oo Al 11 (tan § ) ,
- b T T Z = 74T °
. A fa A
o = 411%M tan § -
= 5 ‘3?1FJ1
A o
P
, Gl!
and tan Gc = o

"

where b = wt3yu/164 is a factor depenﬂing on sampl; shape, and tan 6a =
A/N is the apparent)losé tangent.’Here, M ané To’ the moment of inertia
and period of the oscillating system respectively, are instrumental
constants, measured without the specimen in place; w, t, £ and y are
specimen width, thickness, length and shape factorao respectively. The

/logarithmic decrement A, which is the slope of the plot of the natural

\ .

- logarithm of amplitude versus number of oscillations, and T,, the

oscillation period with the specimen in place, are measured as a
function of temperature. The Lesign was such that specimens could be
cooled from room to liquid nitrogen temperature, while under an

3

atmosphdre of dry nitrogen.

In order to thain the high precision'in G"necessary to detect
very low strength relaxatﬂons, accurate measurements of oscillation
period.were performed; at each gemperature, the decay was allowed to
proceed until oscillations were no longé¥ well défined (whigh depends
the magnitude gf.tan ¢ and on the noise level), and the time |

corre’bondipg to a large number of cycles was measured directly fromf

!

— e v

s
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2. The Vibrating Reed Instrument:

- 49 -

~

fhe chart. Fordﬂqgfng, at temperatures less than N—lSOOQ, 400 cycles

[ .

could be counted in this way, leading to a precision in G' approaching
1 part in 1000. Accuracy in tan § was obtained by measuring every

%

5 twentieth oscillation amplitude and least squares fitting this data
(corrected for noise) to yield the logaritﬁﬁig decreqent.\Only data

corresponding to low torsional amplitudes (i.e. less than Nlo) were’
treated, since higher amplitude oscillations did not always follow a

logarithmic decay.

4

The Vibrating Reed technique is a dynamic mechanical‘technique
by which the loss tangent (tan &) and the Young's modulus E' of a solid
(modulus rangé ca. 108 to 1012 dynes)cmz) can be determined over the
frequency :ange‘of 100 Hz to 5000 Hz. Thex?eth?f involve7 the force{

vibration in the region of the‘resonance frequency of a rod of material

clamped=at one end as a cantilever, with vibration usually excited by

means of magnetic coils. -

e
N

_The vibrating reed instrument adopted ior this stud& was a high
precision device in which vibration amplitude was measured by means
of a piezoelectric /detection technique; it was based on the des%gn of
Fiélding—Russell and Wetton,77 (denoted FRW), as ﬁas been previously~
mentioned, A lower fr%quency vibrating reed with a novel optical de-
teciion technique76 ;nd an acoustic spectrometer based on thg.design -
of Schlein and Shen81 also sa; some limited use. The FRW methog employs
thicker specimens than the optical technique gnd is generally used in

¥
the frequency range of 500 to 5000 Hz; use of weights maylextend the

L4

g e . N - - .. - 5 -
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_technique to lower frequencies, however, while use of overtone fre-

quencies may extend it to higher frequencies. "I‘he' temperature of the

specimens could be varied from room temperature to —ZlOOC, wh;lch was °
achieved by Bumping 6n liquid Eitr gen. Pressure within the low tem— /
pfrature cell was generally mai;ltazned at 2 cm Hg, controlled to )

#0.05 cm, to optimize heat transfer within the cell on the one hand

-

and minimize energy loss due to gas pressuré on the other,

°

. ,
A schematic diagram of the apparatus, with component descriptions,

o

is given in Figure 12. Operation of the components is as follows:

]

k] S

triangul’ar wave generator G acts on Frequency Synthesizer A to p;oduce #
a steadily changing frequency which is applied to magnet M. The magnet
attracts and repels a metal tab glued to sample S,* setting up a vibration.

Transducer T detects the vibration sending a low-level signal via

shielded connections to amplifier D. The amplified signal is applied to -

the Y-axis of X-Y recorder E and the trian%ular wave is simultaneously by

o

applied to the X-axis, resulting in the plotting-out of- a resonance

—

' (
curve. Thus a curve of amplitude versus frequency is plottec{> for the

o . AN
resonance region, and.analyzed to yield the ‘desired mechanical pro-
perties, tan 6, E' ahi E'', through the use of the following equations:82
’ (Af)
Loss tangent:? tan 6 = ——-}—li-w—
, . /3'f .
& 0
;o Lo ﬂqp 2 !
Modulis E' = 38.33 (—2)f {fundamental)
g2 © . \
and ~ ,E'' = E'(tan §) ,

-

where (Af), ,, 1s the width at half peak height of the resonance curve

e |
Lo
\

H
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DIAGRAM OF VIBRATING REED APPARATUS
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(in” frequency uni'ts); f0 is the resonance frequency or frequency of

maximum amplitude; &, t and p are specimen length,\tﬁickness arid

deﬁsity reépectivel&. If tbe specimen is being vibrated ag‘the first

or the second overtone, it is necessary to replace the constant 38.33
! I

in the equatién for the storage ﬁodulus E' by 0.9758 or 0.%?44 re-
L . {
¢ An electrpnic frequency counter (C in Figure 12) was incorporated

-

spectively.

’~ V into the FRW éesign; allowiﬁg measurement of the resonance freduency 1

s /fo to approximately 1 part in 50,000 for polymer .specimens gt low tem- '

e : pefétures ZWhere éan 420.001). This permitted the calculation of the i
< ]

” Young's modulus E'.w%th a1precisfon of better than 1 part in 10%, en-

»
abling the detection of the small methyl dispersion. It should be

emphasized, however, that the absolute accuracy of the measurements is

[ ) o?z}ggéﬂy much less than that nuybex. In fact thg FRW paper gives a
gtandard error of #87 in E' and #0.001 in tan 6§ for regions of low loss,
. whiph the authors attribufed to variations in sample preparation con-
’ ditions ,and accuragy of measurement of specimen dimensions. (For a mote\
. deggiled discussion of the errors involved in the vibrating reed test,
which considers also, the effects of noise, of measurements made from

«

d the charts; of the metal tab, and df'brqssure and temperature, please

refer to Appendix II.)
i

. 3. The Ultrasonic Apparatus:

a

e ’ .
The dynamic mechanical properties of materials at higher-than-
. . E.J

dudible frequencies (greater than 20,000 Hz) can be determined from

tests utilizi?g ultrasonic waves, These waves are generated by

O
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pié#oelectric transducers (e.g. quartz crystal sections) which change
dimensioﬁs in an electric fieid. In the commonly-used pulse echo ex-
perimental technique ﬂ a single crystal is used both to generate an
initial ultrasonic pulse whicé is coupled intola sample and to detect

echoes from the opposite face of the sample. The method has been success-

fully applied to polymeric solids from room to cryogenic temperatures.,,
& ,

The apparatus used in this study allowed measurement oflattenuaéion
coefficient and speed of sound for longitudinal waves in low loss solid
samples (tan 6 léss than ~0.02) over a frequency range of 1 to 20:MHz.

A schematic diagram of the ultrasonic pulse echo appa{itus is given in
)Figure 13. The‘Pulse Generator main frame - K.F. pngwin éombination
(A+B) generates pulses of radio frequency\at the desired frequency;' these
pulses are applied via impedance matching network D to pilezoelectric
transducer T, which vibrates at the frequency of the electrical signal.
'The transducer is attached by $eans‘of,a thin léyer oé suitable bonding
agent X to solid sample S whicﬁ has cloéély parallel faces (as compared

to the wavelength of the ultrasound). The ultrasonic pulse is{coupled

into the sample where it travels at a characteristic speed and undergoes

a series Qf internal reflectiops from the sample faces until all phe

+

" sound energy pas been dissipated. The transducer also acts as a §etector
s

for the returning pulse echoes, producihg electrical pulses which p

back through the matching network D and the stepped attenuator C to

i

R.F. plug-in B where they are amplified and then r7ctified (leaving

t

> only the R.F. pulse envelopes).hThis video output is then displayed on

Oscilloscope E where an exponenﬁially deca&ing series of evenly(spaced

pulses 1s observed.’
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FIGURE 13

OF ULTRASONIC PULSE ECHO APPARATIUS
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/ .
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J - = @ SOI}'\ple -
; LEGEND. - |
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iofrequency plug-in : Matec model 950, |-20 MHz rbnge
Stepped Attenuator, O-80db in Q/ db steps : Texscan LA’s
dance Matching Network O-28)4 + Matec model 65, rated -
~30 MHz .

£, Oscilloscope: Telrfromx model 535A with type L amollﬂer

T -Trgnsducer : quartz , Valpey-Fisher Corp,; ceramic, Automcmon
Industries

ple ¢ cylindrical, with closely parallel faces (top fac reqwres

n elecfrode for use with quartz transducer)
X B nding liquid lgger between transducer and sampl

& R /
§ (numbers given m/ the figure are typical for IS MHz operatio )
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An essential\?éat%re of the test was the selection of a Tektroni
%

!

very accuizte measurement of the time between successive‘ultrasonic echoes,

which, in Fonfunction with measurements of relative attenuation levells

t
(obtained by means of a stepped attenuator (C in Figure 13) which wa

B % - 3

accurate to 0.1 db in 70 db), led to sufficiert precision in tan ¢
-3 '\Y . ‘

quble ogservation of methyl relaxations. From the experimental ti ard

db readings thus obtained, the loss tangent (tan §), real Young's modulus ,

(E') and imaginary Young's modulus.(E'') can be calculated from th

following equations (discussed in detail in Appendix III:)ll’S3

ar

tan & (ar<<l)

%

/
. E' = pv2 . e v

and E'' = (ta# §) E', ’ : ' ‘
[

where a is the attenuation cpefficient defined by the equation

" ‘Here I is ultrasonic intensilty which decays ekponentiéllyxwith distance x

in the solid due to dissipatiive mechanisms (s?ch as molecular mqtioﬁ),

Io being the fp&ensity/at x=0. The attenuation coefficie#t o has units

of nepers/unit}histance in t%e&direction of propagation aad is pro-
portional/&o”ghe change 1in d# level per unit distance, where the db level
is the usual logarithmic scqie of sound intensity: db F 10 1og(I/I°).

A an& v are the ultrasonic w%vF;gpgth and velocity respectively, whiéh

p
are connected through the fr%quency f by the relation v = Af, and p is

R .
the specimen gensity. L L

v




A. VIBRATING REED RESULTS: ‘

. are presented first. A large body of data was obtained on the vibrating

© reed apparatus for PMMA-Hg and PMMA—Dg pre&ared by free-radica poljmeri-

-va;ying from ~10°C/hour (the usual case) to NSOOC/hour.
<! :

- 56 - ‘
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The ultrasonic test 1s carried out as a function of temperature,

by.placing the éecimen/fransducer asgembly in a suitable low temperatur

N <

cell (degcribed in Appendix III). The temperature fange achieved was from

liquid ?itroge temperature (-196 C) to +50° C, the, 1atter being achieved

with the use of a 1ow wattage heaterq THe pressure was normally 1 atmosphere

’ /

throughout a test, but vacuum operation was also possible, with suitaple

experimental technique. . ; ,

/ s

III. DYNAMIC MECHANICAL RESULTS: P ‘ 3 TR

{ { ,
In view of the fact that the proof of a QM tunneling involv ment in

»,

methyl rglax@tion hi&fes primarily on the vibrating reed results;, these

zation, over the frequency region of WZBO Hz to W9250 Hz, achieved through ‘
the uge of fundame;tal and ‘overtone vibration frequencies. e rea{ o
Yo?ng's modulus E' and (in some cases) tan §have been measured as a o
fupctlon o§ temperature, covering the region. from ~-200°C tp room tempera-
tur@.‘Experimentally, samples were warped ffom bumped liquid nitrogen X | |

temperature under partial vacuum (pressure 2 cm of Hg) af warming rates

der these con-

°

ditions, using the high pgrecision in%tru%ent described in Appendix II,

a0

1] R .
very low “strength ‘mechanical relaations were detected./Two such re- oo

, d
laxations, denoted yj and Yz in order of decreasing temperature location,
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obtained on the vibrating reed apparatus for PMMA-Hg at % fréquency

of v565 Hz, while Figure 15 shows corresponding data foﬁ PMMA-Dg at

-
¢

540 Hz. Bg§h of these'Figures show the‘y relaxations as inflections _

E
in modulus and also ag tan § peaks, This was not always the case, how-

ever; often tan 8 curves showed too much scatter to permit detection
of small peaks. Nevertheless, inflections were almost always observed

ot in| the modulus. ’

The frequemcy and temperature positions of the low temperature Yy
relaxations found'in vibrating reed tests on PMMA-Hg are summarized in

Table 2 along with: relevant experimental quantities (the warming rate,

—

a

pressure and vibration mode). Table 3 shows the corresponding vibrating~
reed data for PMMA-Dg. The compléie set of graphs of modulus (E') and
tan § versus temperature which support these observations-isvgiven:ia

Appendix IV along with the corresponding numerical values. It is evident
! /
"from the data of Tables 2 and 3 that the peak positions are quite re- N 7

/
1 - producible. //
1 Y ‘ ) p //
For PMMA-Hg, the average relaxation strength (AE'/E') of the vy /"
3.
’

f

- o relaxation is 1.1x10  while that of the y, dispersion is 0.75x10"

[

L=k
Whjre observed, tan 8 peak heights are of the order of 1x10  abov

’ packground levels. The average yv; and v, relaxation strengths fo/ PMMA~Dg

are similar - 1.2x10"° and 0.78x10™° respecFively. Here, hoYev3fﬁ tan §

- \ 3

p;ak heights are of the order of 2x10-? above backéround. The/ééason for
- [

the differgqpe in the tan § peak heights is, conceivably, tgﬁqlower .
precision of ‘thesé*measurements. The, Y relaxation strengths are summarized
(;; along with their standard deviations in Table 4 below. It is interesting

"to‘npte that the y; and Y3 relaxation strengths are roughly in the rgtio of

[+

three to two for both PMMA~Hg and PMMA-Dg.

.
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" TABLE 2.
SUMMARY OF VIBRATING REED EXPERIMENTAL DATA FOR THE ¥

~

REGION OF FREE RADICAL PMMA-Hg.

.RELAXATION

£

Relaxation Position Relax. Tan & Experimental Conditions

— 5= 5 Strength _, Peak Hefght . :

v (Hz)*+ T (C) T (C) AE'/E' (x10 ) (x10 7)) Warm Rate Pressure Vibration Mode* Figure
L g :
(v; or v3) Yy Y2 (" C/hour) fcm Hg) #
225.3 -200.5 —I.0 8. 1.4 f Iv-1
274, -162. 0.9 -7 1.3 ‘£ Iv-2
277. -198. J . 7.~ 1.3 £ Iv-3
295.3 .-196.5~ 0.5 . 10. 3.0 £ V-4
496. -167.5_ 0.6 ©o21. 2,0 £ V-5
497. } -170. 0.6 n).8 LY/% N . 2.0 f V-6
499. -190, n"0.7 ~50. 2.0 f "
565. % -160. 1.5 N2, n30. 2.75 £ 14 -
566. ~184. 0.9 al, T ~30. 2.75 £ "
568. -156. 1.8. 16. 1.35 £ V-7
569.5% -162.5 0.9 7. ° 1.3 f Iv-8
571. . -188. * 0.6 7.7 1.3 f "
" 710. =145, " 1.4 11. 1.3 f V-9

712.5 -151. 0:8 - 0.5 6. 1.2 £ IV-10
1322. R -179.5 0.6 7. 1.3 1 IvV-11
1633. -179. L5 8. 1.3 1 "
1761. =147, 1.1 9. 2.0 1 Iv-12
1770 -175. 0.6 10. 3.0 I Iv-13
3025. -118. 0.9 N 14 . 2.0 1 Iv-14
3025. -117. 0.9 , -10.-— 2.0 1, Iv-15
3036. =-121. 0.8 — = 26. 2.0 1 IV-16
4319.} -125. 1.7 7~ 12. 1.3 1 Iv-17 )
4379. -172.5 0.9 10. I.3 1 " -
9105. -116. » 2.0 . P 1.3 2. 1v-18
9243. . -;64. 0.9 7. 1.3 2 . IV-19

t = brackets indicate results from the same run 1
*f = fuundamental , . -

T = firgt overtone

second overtorne




o A £ ) N
- " ’ . %
IS / ‘ — - s TABLE 3-
@ X . ——
: . - . SUMMARY OF VIBRATING REED-EXPERIMENTAL DATA FOR THE y RELAXATION
¥ - - a REGION OF FREE-RADICAL PMMA-Dg. A
i \ - ~ e
iz:g [} ’ n o ~ . :;-\ )
;‘3 , Relaxation Position Relax. Tan 6 Experimental Conditions &y
2 S P Strength -3 PeakﬁHg&ght — I
- v (Hz)t T (C) T (°C) --AE'/E' (x10 °) (x10 ) Warm Rate Pregsure Vibration Mode* zFi“gut\e
— (y1 or v3) Y1 Y2 ) - . (" C/hour) (ecm Hg) v#i;
t . i ) . . . £
AN -
: Uses. -119. 1.7 7.5 ~10. 2.5 £ IV-20
1 .
: 540.5 -120. . 1.1 . 2. _— 8. 1.4 £ “Iv-21
‘2 P ‘ ey Y B
: 538.5} . =120. . 1.2 - 2. 15. 2.0 £ 15
7. —181. 0.6 = 0.7 .15, 2.3 - f "
- 1Q07. % -118. 7 , 1.1 . 1.6 12. . 20" £ IV=22
1017, - -175. 0.7 . n20. 2.0 .E "
1392:‘} -119. . 7 1.2 q nll, 1.4 —~. 1 IV-23
1416. g ’ -176. 0.8 . oy , 9. 1.4 1 S
1731. -118.5 . 1.0 ° . 2o 10. .- 1.4 £ IV-24
#3934 é ~106 .- Tt aL3 v0. .12, ® o1 -2 IV-25
15. - -175. ° 1.0 1.5 J 9. 1.4 2 "
* ¢ . ’ s, -
£ ’ ¥ ‘ . n. . "
o o . - o / - ;
= brackets “indicate results from the same Yun i v
= fundamental o ' i ¢ ~ - -
& A 4 r \
= first overtone : d . o .Y
2 second overtone i -
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TABLE; 4.

1

AVERAGE RELAXATION ST,BENGTHS FOR Y RELAXATIONS IN-

FREE-RADICAL PMMA-Hg AND PMMA-Dg.,

. Y1 Relaxation Strength Y2 Relaxation Strength‘
’ . AE
Polymer ( B x 103) (——-—E, x 103) ¢
. average | std. dewn. | # of obs. .| average | std. devn. # of obs,
PMMA-Hg 1.14 0.46 14 0.75 0.19 8
<@ A
PMMA-Dg 1.23 0.23 7 0.78 .0.17 4
/
~ Several preliminary vibration gests revealed a mechanical dispersio_n
. at temperaturés rgreater than -100°C for PMMA-Hg samples which had been
exposed to moi;ture. These results are shown in Figure 16 and summarized
in Table 5. It should be noted that the three sets vf datp were-obtained——
on three different vibration instrumen?é, to“which previous reference
has been made in the section on Experimental Techniques. This "water"
relaxation has a strength of ~0.025 with a tan & peak height of 20.0015.
. TABLE 5. SUMMARY OF; ACOUSTIC EXPERIMENTAL DATA (GIVEN IN FIGURE 16) -~
FOR THE i{ATER' RELAXATION REGION pF FREE RADICAL PMMA-Hg.
R;i::::ion Re}aﬁ(- Tan 6 Experimental Conditions Pressure
' o Si:em‘th, :eikh Warm or . (cm Hg)
v (Hz) T (0) AE,%, eight Type of Cool Rate
Apparatus (oc/hr) —
269. -‘80- 0.0015 Vibrating Reed- Not Recor- ~1.
, Optical ded -
' (warming)
1075. ~50. 0.020 Vibrating Reed- ~50. 76. B
, Piezoelectric (cooling)
1365. -42, 0.032 . Acoustic Specto- ~80. 76.
. meter (cooling) .
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- shoulders in the tan é versus temperature curve, as inflections in the

. N , B ¥ ] »
Although considerable care was taken to keep subsequent PMMA )

1

samples free of moisture, it was difficult to exclude water completely,

)

as indicated.by more recent ultrasonic tests on free-radical PMMA-Hg,

which still contain a hint of ,the 'water' dispersion. -

[ . . N

ULTRASONIC RESULTS: A .

Ultrasonic tests were performed on the PMMA samples using the single

o
s

crys&i} pulse echo technique described in the experimental section, and

detailed iﬁ Appendix III. The free—radical PMMA-Hg was investigated at

several frequencies from 1.3 to 20.0 MHz, while free-radical PMMA-Dg and J
b Y

both isotactic and 'syndiotactic' PMMA-Hg were tested‘?c ~13.5 MHz only,’

ey

for comparisén purposes. Mechanical relaxations were detected either as

N .

L)

velocity/temperature curve, or as local'minima in the db level of a

single echo. <In moét of the experiments, warming (or cooling) rates of ;
n30°C/hour were employed, with nonaq cement as the specimen-to-transducer

bonding agent.
)

Corresbonding to the vibrating reed tests, very small mechanical
dispersions were detected in the temperature interval from -100°€ to

+50°C. In two samples, as many as four relaxations (denoted Ky0, Y}, Y2

- 7

and Y3 in order of decreasihg temperature) were observed in the PMMA's.
Fig;}e 17 shows ultraso;ic cu;§es of tan & and velocity versus temperature
for free-radical PMMA-Hg at 8.4 MHz which illustrate the y; relaxation;’
the peak is easily seen from the tan 6. plot but'thé suggested inflecéion
in the velécfty is only barely evident. In fact, owing to the scatter

in the velocity data, the transition seems smeared out, so that only a

¢ +
change in slope of the curve is really evident. (It is interesting to

recall that Golub' and Perep’echkozg9 identified methyl relaxations in

vt
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( ©, their ultrasonic velocity studies with /changes in slope of the velocity

o " '
versus temperature curvel.) Free-radically prepared PMMA-Hg 'was studied

ultrasonically at several frequencies‘. 1-.3, 3.4, 8.4, 12.9, 13/:6,

18.5 and 20.0 MHz; the results of these experimgnts are summarized in
. Table 6, with-the‘graphical and numerical data supporting the ob-

servations heing given in Appendix V.
x4 .

.

b ‘ . Figure 18 shows tan'é versus temperature for free-radical ‘PMMA-DG,

. ;
for @?Yfr}qmency of 13.4 MHz. Here, the results of two separate experi-

P
ments at that frequency have been combined; the two sets of-data over-

’

lap well in the v'icinity of +20°C indicating °the very good repeatability

e " of the test. These data (included in Table 6) show .the y; and y; Te-

I

laxatien regions near 0°¢C and -60°C respectively.

)

;( : U‘lt:r‘asonic data for isotactic and syndiotactic PMMA-Hg are

L .glven. in Figures 19 and 20 respectively. The test frequency w.?{gi’\tIB.S Miz
. ufor'bot’h cases, this value having been chosen 'so that all fouf types of
) PMMA cou"ld b\e con.;pared at this frequency. The isdtactic polymer appears

to undergo o"nly one relaxation at '\'-lOOOC, while the syndiotactic

polymer shows two distinct dqispersi:ms‘in the vicinit)‘v of —ZOOC and

. —60°C, with a possible (although extremely small) transition near -10000.

‘

These results are also included in Table 6..

. The tan.§ "peak heights for the several relaxations detected all
, 4 3 .
' fall within the range 10 to 10 7; relaxation strengths (Av/v) are
-3
approximately 2x10 , with the exception of the yv; and vy, dispersions

in the syndiotactic polymer where much higher velocity changes are

apparent. The reason for these larger relaxatlon strengths is not known.

C : ‘

R T ) X .




TABLE 6.

T atha Y

SUMMARY OF PULTEASONIC DATA OBTAINED FOR PMMA SAMPLES OF VARIOUS COMPOSITION
AND TACTICITY. THE SAMPLE-TO-TRANSDUCER BONDING AGENT WAS NONAQ CEMENT, UNLESS

IS o 3

&5
- . OTHERWISE NOTED. . ) .
X Relaxation Position Relax. Tan & Warming or
Material I S S ST S St:z‘engt:h_3 Peak Height | Cooling Rate Figure
v Miz) | T. COIT. (o) |T. (C€) | T, .(C)av/iv(xl0 ) (x10 ) (°C/hr) # N
Y1 Y2 Y3 H20 ‘ .
" prea-Hg 113 _ +6. | 2. ) 3. | -25. cool) v-1
(free-radical) 1.3 -38. \ 7. . 4. 25. (cool) " &
1 3.4 -23. 2. 5 35. (warm) V-2 .
. 8.4 -10. 1o <2, 4 30. (warm) 17 ;
12.9% -56. . 2. 3. " 25. (cool) V-3 o
] 13.6 +34, (g ) %k 25. (warm) - V-4 \
N ) 13.6 -1 . : ’ 4. 12. (warm) Ton
18.5 . 02, . (V2. ) *% 30. (warm) ¥-5
/‘ ‘ )
18.5 (-92.5) ~l. 30. (warm) "
- L -
20.0 -1, ; (N5 ) ** 35. (warm) V-6 ~
PMMA-Dg 13.4 - - 2. ) ] 10. 25. (warm) 18
(free-radical) | ;4 ;. -58. E 7. 56. (warm) " )
PMMA-H 4 13.7 © | -97. 3. S P 30. (cool) ‘19 S
(isotactic) - ’ . . . N
} . ‘ o . . .
: (
PMMA-Hg 13.5 -16. 8. 7. 35. (warm) 20
L] 1 e
("syndiotactic') 13.5 . -56. 11. 6. 35. (“larm) " R

- -
*‘; Bonding agent T 3-chloropropyl benzene. A peak thought due to bonding agent was observed at -85°¢.

** Fstimated from local -minimum in db curve for a single echo.

~
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A ) f
‘ FIGURE 18.

i

+ TAN 8 AS A FUNCTION OF TEMPERATURE FOR FREE~RADICAL

PMMATDg AT 13.4 Miz. (RESULTS OF TWO SEPARATE EXPERI-

n

MENTS AT THAT FREQUENCY ARE SHOWN.)
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FIGURE 19. .

v

-~ TAN & AND SPEED OF SOUND VERSUS TEMPERATURE FOR ISOTACTIC

PMMA-Hg AT 13.7 MHz.
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' FIGURE 20. ; 2 0
TAN & AND SPEED OF SOUND VERSUS TEMPERATURE FOR 'SYNDIOTACTIC'
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C. TORSIONAL PENDULUM RESULTS: , .

o r

The torsional pendulum technique which has already been described

in the experimentél section was applied to’ PMMA-Dg samples in a nitrogen
atmosphere at two frequencies: 0.75 and 2.35 Hz. The results are given
in Figure 21. The:G' curvpes yf‘bv{i‘de evidence of a very low strength ée-—
laxation near -157°C at 0.75 Hz and -153°C at 2.35 Hz; the tan §. curves
also hint at the presé‘ﬁ‘gé of a dispersion in this, region. Despite the

lowwarming rate of 15 to 20°C/hour employed for these 'tests, a sizeable
!

tengperzi’tur(e gradient of ~10°C at -150°C existed inside the sample chamber.

This must’ contribute toward limiting the size of mechanical dispersion

observable in thé test.

o -

7

An experiment on PMMA-Hg at 2.35 Hz over the same temperature

region-as above was also attempted, but results were too scattered to

/

ipex’mit observation of a relaxation even if one were present. In this case, '

due to a higher tan §, only 260 cycles could be counted, leading to re-

: ' . #
duced accuracy in the period measurement. (As many ,as 400 cycles were

counted for PMMA-Dg.)

4

. The relaxativns observed in these torsional pendulum tests are- ,

summarized in Table 7 below: - oy !
' TABLE 7. |
SUMMARY OF TORSIONAL PENDULUM DATA OBTAINED FOR :
DEUTERATED PMMA SAMPLES. P
\ - : /
\ Relax. Relax. ' Tan"§ . Figure
Material Relaxation Position Type Strength , Peak Height #o"
v (Hz) T (°C) . AG'/G'(x107)  (x107%)
PMMA-Dg 0.75 ~157. . Y1 ° 1.5 : al, 21
(frefié~ * ~
‘radical) 2.35 -153. Y1 72, nl, 21

« : " b
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: /~KGURE 21. .

EXPERIMENTAL CURVES OF G' AND TAN GC AS A FUNCTION OF

TEMPERATURE FOR FREE~RADICAL PMMA-Dg OBTAINED ON THE

v TORSIONAL PENDULUM: ;
\ .
- FREQUENCY (Hz) €
: q
‘ . 0 0.75
\ ‘ / . L35
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IV. DISCUSSION

A DEMONSTRATION OF METHYL GROUP TUNNELING:

¥

°

" The experimental frequency~temperature positions of those
dynamic mechanical mecﬁyl relaxations labeled Y3 ha've beemrrplotted
in Figure522 for bqth PMMA-Hg and PMMA-Dg. The dashed lines re-
present cialculat;onst from the theory of Stejskal and Gut:owsky23 for
methyl ‘rotation within barriet'heights of 6.4, 46.9 and 7.4 'Kcal/molé.
This Figure shows clearly that both.criteria for tunneling are met,
i.e. that log v vs 1/T is non-Arrhenius for the non-deuterated poly-
mer, tendiifg to level off at low temperatures, and that a CH3/CDj3
isotope effect also exists, the deuterated polymer following a linear
Arrhenius-type relation over the whole frequencyx/temperature range
studied. It can be seen that the behavior for PbMA-Hg“is of the

type predicted by the tunneling theory but that the agreement is only
qualitative. This may be due to the fact noted by Ingold84 that all
sli;ht change in the shapé of the potential barrier can result %L‘n‘l
significant changes in the log v versus 1/T plot. Thug, from the
shape of the curves and from the presence of the isotope effect, it
can be concluded that tunneling of methyl groups is indeed involved
in viscoelastic relaxation, if the theory of Stejskal and Gutowsky

5

is correct in its essential features, The present study represents
y o et A ‘

the first ob_se/rvation of an isotupe effect in the field of visco-

elastic properties of \polyrﬁers.

, v 5
- we e Aes neads i f3toe + ouhadiian i, bt n £7 EanSler o
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FIGURE 22. x
¢ - € ¢
EXPERIMENTAL FREQUENCY~TEMPERATURE MAP FOR THE y; RELAXATION
IN PMMA-Hg AND PMMA-Dg. (THE REGION COVERED BY - THE GRAPH
CORRESPONDS TO THAT OUTLINED IN DOTS ON FIGURE 7.) THE DASHED
LINES REPRESENT CALCULATIONS FROM THE THEORY OF STEJSKAL AND

GUTOWSKY FOR BARRIER HEIGHTS OF 6.4, 6.9 AND 7.4 KCAL/MOLE.
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- . \ /
. ,

B. TACTICITY EFFECT IN PMMA:

Figure 23 contains the complete transition map for PMMA, ..
showing both the literature data given in Figure 9 (open symbols)

o and the relaxations observed in the present study (filled symbols,

-

Tables 2, 3, 5, 6 and 7). Two NMR literature points for isotactic

65,66

PMMA~-Hg have also been included. For simplicity, the o and B

relaxations are shown only as lines.

Figure 23 shows clearly fhat two separate relaxations are
occurring in the backbone methyl region of free radical PMMA; they
are labeled y; and Y, in order of decréasing temperature and pave

¢ \

activation energies of 6.7 and 3.3 Kcal/mole; they may be assigned to

reorientatipns of syndiotactic and heterotactic backbone methyl groups

-

* respecgively. This interpretation is suggested by the high resolution
NMR da;a (Téble 1) which indicated a Syndiqﬁactic to heterotactic {
triad number ratio of about th;ee to two, in close agreemeng with
*
the average ratio of relaxation strengths fqund in the vibfating reéd
f. studies (1.5 for PMMA-Hg samples and 1.6 for PMMA-Dg samples). %t Tg
N doubtful whether the lower temperature Y, relaxation ca& be ascribed

to isotactic groups because very little (<lOZ) isotactic material- !

is present in the free radical polymer.
! +

The log J versus 1/T plot of the y, relaxation, here assigned
to heterotactic backbone methyls, shows the beginnings of the curvature -
and CH3/CD3 isotope effect indicative of QM rotational tunmeling, but
measurements need to be extended to lower frequedﬁies and temperatures

for confirmation.

)
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. HIGH TEMPERATURE PROJECTION:

. - 77 -

It should.be noted that the two NMR literature points for
s ( 1
isotactic PMMA given in Figure 23 are close to the Y, relaxation of

2

this work. It -is conceivable that.both the heterotactic and isotactic

dispersions occur in the same temperature region. However, the high
a -

1

~frequency (v107 Hz) isotactic peaks from this study (labeled vj)

lie at a somewhat lower temperature than that for the isotactic

sample quoted in the literature (the high frequency point). Since those

\

previous workers have not had pure isotactic material (their polymers

are only stated as contaiging <247, atactic“material), they may .possibly
/ ' T

have determined the heterotactic peak.

®

Figure 24 offers a simplified picture of the overall relaxation

°
£

behavior of free radical PMMA, in'that only the curves fitted to the

’

relaxations (a, B, Hy0, Y;,\Yp) are shown. The a or glass transition
#

dispersion line was calculated from the WLF equation with Tg taken- as

105°C. The other curves have been ﬁ}ojected to high temperatures

2

assuming linear Arrhenius-type relationships there. A striking feature
of this plot is that all the relaxations appear to project through a

region (or perhaps a single point) near log v *9. and T ~200°C.

a

This pattern for PMMA is Femarkably siﬁilar to that observed’
in 1968 by Starkweatherss'for several semicrystalline polymers; there,
the log (v/T) versus 1/T plots for the mechanical relaxations often
converged at the crystalline melting point, Tm. Similar observations

have been made informall{¥ for non-crystalline polymers by several

v

investigators, but eXcept for the work of G.D; Patterson, discussed
‘ﬁ
‘\
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TRANSITION MAP FOR PMMA-Hg, EXTRAPOLATED TO HIGH TEMPERATURE
' "‘"::"% - ! ! :
. | ‘ , . ; “ . ) 3 c
. p N , . ‘ .
. . . - . P
. . ‘ . | . f -
' . ' . ‘ . »
" . ) @o ! o .
, B -
M ' 7 , W

o e g e .

it

-




-

WILF cal-
culafion

—— ——

6,

10




e

-"79 -

o .
below, no literature refergnceé could be found. The intersection of

the various molecular motions at a finite frequency and temperature

i

may well be a general feature for amorphous polymers. The well-known

merging at high temperatures and frequencies of the main chain (a) and

’ (

secondary (B) relaxations certainly supports this concept. In recent “

Brillouin scattering studies, G.D: Palttersong6 observed just one los&:
!

maximum in several amorphous polymers at frequencies near 109°5 Hz,

« 1in agreement with this mergingaaf dispersions. He also demonstrated
o v f‘
that the temperatures of maximum loss lay on extrapolations of the

&

secondary B relaxations for poly(methyl acrylate), poly(isobutylene),
‘ .

atactic poly(propylene) and poly(vinyl acetate) and concluded that, at

high temperatures, the B dispersion line extends, while the o merges

with'it.

b -~

’

i

q .
CONTRIBUTIONS TO ORIGINAL KNOWLEDGE AND SUGGESTIONS FOR FUTURE WORK

The dynamic mechanical experiments contained in this‘thesis have
shown that both a proncunced curvature in the log v versus 1/T plot and
a large dguteration effect are observed for the v, relaxat&on in free~
gadical PMMA, in qualitative agreement with the methyl group tunneling
theory of Stejskal and Gutowsky.z3 If this theory is indeed valid, then

rotational QM tunneling of methy(agroups is involved in viscoelastic
. ~ T,

relaxafion. -

It was also shown that the v relaiation of PMMA is a function of .
A
the tacticity of the polymer, with two distinct dispersions (labeled Y,
and vy) detected for the free-radically prepared polymers; these -had

activation energies of 6.7 and 3.3 Kcal/mole respectively. The y; relaxation

‘
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a

[y

was ascribed to syndiotactic backbone methyls and the y, to heterotactic

groups. Some evidence of a third related relaxation (labeled yv3) was found;®

it is possible that this peak may correspond to- isotactic material, al-
k 2 . - E] J

.though the evidence for this is weak .’ Finally, comparison of experimental

and literature data for all the viscoelastic relaxatlons in Pm/@ suggests '

-

% i 78
clearly indicates an interdependency of the various molecular motions

that the transitions all.converge at ~200°C and 109 H? Al though this

<

<
present in a polymer, an adequate explanation is lacking.

A >
t "

"Future experimenhtal work could be directed toward demonstrating the

»

generality of the QM tunneling involvement ;[n,viszsaaétic rélaxation for

a second pblymer system,: such as (say) poly(a-methyl styrene) which con-

—

tains a hindered backbone metfhy;l. group 1ii<e1y to tunnel at reasonably

-high tempe}:‘at,hres (>77°K at vibrating reed frequencies).

v - Lt

There is cleanlyqalso a nekd for theoretical improvements ‘in this

area: the S'i':ej’skal and Gutowsky treatment, which assumes a rigid polymer

0

backbone, shows only qualitative agreement'wftq experiment, and is in-

;
. o .

consistent with the proposed existence df a common extrgpolation point

—

at a finite teggerég:ﬁi'é for all the relaxations in a polymer. The detailed

ot

- 3

p . - #
.mechanism whereby tunneling methyl groups contribute to energy dissipation
o 4 B

%

also merits further. investigation.

5
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APPENDIX I

TUNNELING FREQUENCY CALCULATION FOR A DEUTERO-METHYL GROUP

' IN A BARRIER OF 5.89 KCAL/MOLE §

~y N . - . g7 »

4

. The theoretical calculation of the isotope effect on the
tunneling; frequency of a methyl group has been reproduced from

S. Reich's private communication strictly for the convenience

? -~

. *‘of the reader.
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" APPENDIX I

1

TUNNELING FREQUENCY CALCULATION FOR A DEUTERO-METHYL GROUP IN

A BARRIER OF 5.89 KCAL/MOLE

N\ ’

In the classical limit, the transitdon probability v, is given by:I

~

N 2kT,.3 Vo 1
4 V.= 7 (HI )* exp (—ﬁ) . (X 1()

where I is the moment of inertia of the rotor, Vo the barrier height,

T the absolute temperature; andNy-k -andwRLtheﬂ_Avp_giadro, Boltzmann, and

*

ideal gas constants respectively.
AY

Therefore, for a given temperature and barrier height,

' ) ;8
(CH3) 3 L
. Ve ¥ Teon|” = 1.41 eon (I-2)
S C RV CS \

c
’ .

The Quantum Mechanical case for low enough temperatures\ is:

—

\/\, ‘ i N | | ‘ ‘
A exp —{2 voI) . ' . , ven (I-3)

t
.ﬁ2

Therefore,

-, (cig) i 3 |
Ve _2v) I I I -
:E(-(_IF;)— = exp o 1 (CH3) | I (CD3) vew (I-4)
. ,
/

which is temperature independent. (h = Planck's constant = 2IH),

-1

A I

L « e




(1-2) ,

, For éxample , with

L 4.100 x 10_13 erg/rotor = 5.89 Kcal/mole,

\lf Vo = 2063 ‘cm
b I (CH3) = 5.3 x 10""’0 g cm?,
and 1°(CD3) = 10.68 x 10”°0 g cu?, '
(CHy) . )
Yy = ¥ 3.46-x 103. .. (1-5) -
' v (CD3) .

t -
.z Theréfore, in the temperature range where \)t £ £ (1),

\ " log vt,(CHi‘}:‘”- log vt(CD3) - 3.54. ... (1-6)
i =/ .
\

Since tt{e curve of log vt vs 1/T for a methyl (CH3) rotor has been
calculated I-Z, log v, (CD3) vs 1/T .for small T can be calculated.

The next step is to calculate the temperature Tc at which both tunneling

and Ibarrier-hopping frequencies are equal:I_

3 2
; h L <V
‘l'c = m , where L"? = - (———Z—M )l¢'= - (1-7)’
oL 2Rk 121 . -

§

Here Tc is the Christov characteristic_:‘ temperature, and Lm is the

S + *‘ ‘
curvature of the hindering potential at its top (w!n‘e coordinate
$=0).
- Vo -
For V= 5= (1+cos 3¢), S cee (1-8) °
, o b)
9 . 9 ‘
L ==V cos 3¢ ==V eee (I-9)
-~ m 2 o b = 1200 2 _0
.y ".r'
i 4{“;‘ o ,%_ﬁg&m " bk T kb » % N
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S0, for V_ = 2063 cm * and 1(CHy) = 5.34.x 1070 5 cm?,

(1-3) ” k

. N

.

T (CH3) = 128°K and 1000/T_ (cH) = 7.8 (°R) ",

' -~

which fits well with the Stejskal and Gut%’rsky calculation.I_

In the case of the CD3 rotor, for the same value of Vo,
. \ )

1000/T _ (CD3) = 11.06 (07t

¢ Vversus 1/T curve for the CHg gt‘oup,l_2 the

i .
plot for the corresponding CDj group can now be built up: the limiting

Thus, knowing the log v

slope for high temperature is calculated from equation (I-1) and the
plateau value for small T is known from equation '(1—3) .. These two
segments may be counnected smoothly through T (CD3) to yield the 1og

v, (CD3) vs 1/T curve given in Figure 7 of the Introduction.

—
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APPENDIX II .

"VIBRATING REED INSTRUMENT,

DESCRIPTION AND MODE OF OPERATION

- « , !
.

~
’

The principal'conclusion of this thesis is based on the
detection of relatively low’strength mechanical dispersions which
haQe not been detectable in previous studies with conventional
vibrating feed instfume;ts. For>this’reason, it is considered
expedient to describe the method of operation of the Vibrating
Reed Instrument employed in the study in'spme detail, :This

description of the instrument will enable the reader to

evaluate the test precision or to repeat the experiments if he

.
-
-

so desires.
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VIBRATING REED INSTRUMENT DESCRIPTION AKD MODE OF OPERATION

I

II
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"HIGH" FREQUENCY VIBRATING REED: PIEZOELECTRIC DETECTION TECHNIQUE
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'HIélf' FREQUENCY VIBRATING REED: PIEZOELECTRIC DETECTION TECHNIQUE

- ‘ ‘

T

PRINCIPLES OF OPERATION:

L)
The Vibrating Reed 'technique is a' dynamic mechanical technique by
which the loss tangent (tan §) and the Young's modulus E' of a solid

(modulus range ca. 108 to 1012 dynes/cm®) can be determined over the

frequency range of ca. 100 Hz to 5000 Hz. The method involves the Wﬁ:ed

-~

vibration near resonance of a rod of material clamped at one end as a

L]

cantilever. - ' -

. /.

Vibration is usually carried out by means of magnetic.coils, with
4

"the amplitude of vibration measured either by an optical detection

techniq*uen.—l or by a more sensitive plezoelectric detection techniqueI

°

described here. This latter method employs thicker samples and is

o

generally used in the frequency range of ca. 500 to 5000 Hz; use of

weights may extend the tezhnique to lower frequencies, however, while

uge of overtone frequencies may extend it to higher frequencies. .
' I

3

A curve of ampli?ﬁde versus. frequency is plotted for the resonance

region, and analyzed to yield the desired properties (tan &, E', E'").

Temperature Range: Room temperature to -210°C (achieved by pumping
A -

LES

on liquid nitrogen). .
‘u}.

Pressure Range: Design pressure s 2 cm Hg, controlled to * 0.05 cnm, for

sufficient heat transfer vithin the cell and minimum energy loss due to

[
gas pressure. s -

-2




II DESCRIPTION OF INSTRUMENT: '

> A: APPARATUS: ’

o

A schematic diagram of the apparatus, with component

B

+  descriptions has been given in Figure 12 of the Experimental

'
Eadd

sep‘tiop, but is reproduced here as Figure II-1 for convenience

gn the present discussjion. Operation of the components is as

follows: triangular wave gemerator G acts on Frequency .
L

N

Synthesizer A to produce a steadily changing frequency which

- is dpplied to magnet M. The magnet attracts and repelsJa . g s
I

metal tab glued to sample S, setting up a vibration. Transducer

A

4

, T detects, the vibration sending a low-level signal via shielded

ST T

* connections to amplifiér D, The amplified signal is applied to .

o

e the Yk—\a})sis off X~Y recorder E and the triangular wave 1s simul-

a Y

‘“ tanéous],.y applied to the X-axis, resulting inbthe plotting-out ] _—
. ' . ¢ y
- ! Ve ;

of a tgs‘“onance curve.

B: DETAILED COMPONENT DESCRIPTIONS \AND SETTINGS: , v 7 ;

¢

(“/ ) 'Fréguencz Synthesizer and Triangular Wave Generator:

., The Frequency Synthesizer can produce signals in the =~ ' / .
0-100 KHz range. Frequénbcy can be varied continuously in this
° range by means of the CAD (continuously adjuséibfe decade)-

.which can be operated manually, or exterhally as by a DC

voltage source, in this case a triangular wave generator.

~

4 Frequency is directly proportional ta external voltaée applied.*
oL ThErefoge:, the triangular wave applied to the x-scale of the

XY Recorder, produces an x-displacement which is proportional

. -~

«  to frequency. ., - - o .

\ B . . "
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i FIGURE II-1 T ‘,-
. . ’ &
SCHEMATIC DIAGRAM OF VIBRATING REED APPARATUS . .
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freq.
synthesizer _[stepped

attenvator

.| triangular .
waQave

.| generator @ [
' =

a.c.
amp,

X scale y scaies |

g A\ i

freq. - ar

LEGEND g

A

Frequencg Synthesizer : General-Radio..
model /16/-A

Stepped Attenuator, O-80 db : 7éxscan LA series

Frequency Counter, 5Hz-8 OMHz: Fluke mooel I900A

A.C. Amplifier : Hewlett Packard model 465-A -
X.Y. Recorder: H.R model 7000 A

Triangular Wave Generator : H.R model 33/10A
Magnet : Electro Products model 3055-A
Sample, rod with metal tab ah‘acﬁed to lower end

Transducer PZT-4 disc .25"x.100" thick : Vernitron

part # 4/00-4
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Y
The x-scale proportionality constant (frequency change/inch

of displacement) can be obtained from the Frequency Synthesizer

"

relation: 0.3 volt = 1 major CAD division, and the recorder's _

x-scale se?ting in voltsiz.lr\xch. ,

\
ks

An example of typical Frequency Synthesi‘zer dlal settings is

’

given in Figure II~2A. The button beneai:h the x10 Hz Digit Insertion
unit is depressed, indicating that the CAD dial replaces the x10 Hz
. »

and x1 Hz units. Here, the frequency setting is 624 Hz with Generator
G off. With G on, frequency is varied about 624 Hz such that 0.3

volts applied externally is equivalent to 10 Hz (1 major CAD division).

The Frequency Synthesizer output voltage is constant as fre-

2

P

quency varies. The output voltage range is 0-2 volts A.C., as

monitored on the bu\ilt—in voltmeter, It is-set by an output level

’

dial which is a rather coarse control. Excellent experimental results
can be obtained by ke’eéing the Frequency Synthesizer output voltage
constant at 1 volt throughout the entire test, and adju;ting the
stepped attenuator B to keep the vibration amplitude approximately

constant.
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i - ) J\~
- FIGURE I1-2, A & B

b %
/ f

A: TYPICAL FREQUENCY SYNT}}ESIZER SETTINGS, FOR A CENTRAL

FREQUENCY OF 624 Hz, EXTERNALLY CONTROLLED.

™

B: FUNCTION GENERATOR ::ESIGNAL: SCHEMATIC, SHOWING

EFFECT OF SETITING C >3

/Q

initial signal

e signal obtained on increasing output level setting

L

-~——=- signal obtained on decreasing dial (frequency) setting

’

PO



x100Hz © x10Hz

§ .
oo '
'\ , !
N ,
, T ‘ /
O

v

x1Hz /

/AD

) this button depressed (ridicates that
" the CAD dial replaces the x/O and x/

Digit Insertion units.

. A ’ N \\
\
VOLTAGE ‘ \
0
B
“ . ~
. /

i3
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N

Function Generator G:

o

Typical Settings are as follows: ’ 3
Function: TRI (angular); l
Rafrige (frequency): .001;
Dial Setting: u‘sluall'y 1 to 20 (variable); '
'DC offset level: 0; ' -
"Qutput level: high (va;riable) t:or 'wide' resonance peal;s;
T low (variable) for 'narrow' resonance peaks.

1

The dial is used to vary the slope of the ‘triangular wave; a

» lower dial setting implies a lower slope and therefore a slower sweep

4
.

) ¢ across the x-axis of the recorder. Figure II-2B shows qualitatively
(~ ’ the effects of varidus setting changes: the solid line is converted

to the dotted one on increasing the output level settir{g, implying

a wider range of swept voltage and a somewhat faster sweep rate
E ‘ (since more frequency 1s swept out in the same time); the solid line ° ,
! ‘is changed to the dashed line on decreasing the dial (fréquency)

setting, implying that more time is taken for each sweep.

Frequenci Counter (C).:

v

.This instrument enables quick and précise measyrement of the

%
resonance frequency or period as set manually using the Frequency

-
-

-

Synthesizer. Five or six significant digits may be obtained,

depending on the Frequency Synthesizer settings used (with greatest

N
* ] .
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-r N

RO T AR T T
‘

e =
e i il




.

-

.-

B
- -
s LRSS Aads-——mw.(p.mbgiﬁ'-'& f-g.@:%w:wgrm sgre e = -

-

. in-period is very qui@k. )

Lo (11-3)

¢
precisiot; w'here CAD replace's"‘she 353. Hz Rigit Insertioon unit).
Precision in the resgnance fre;uencz meagu’remeni: ‘;is normally
limited by the operan&'x‘"s ébility to visually se¢t the sample to
resonance (maximum amplitude) on thé X~Y Recorder. Precision will
be best at lowe\;‘ temperatures whe‘re sharp logs peaks occur, The

counter is best used on the period scales, /since response to changes .

A.C. Amplifier (D):

- /

40 db.

/-
/

The following connections are made: the A.C. Ampl/ifier ~(D) i

=Y Recor‘der (E):

output to the Y scale (A.C. setting); the Triangular Wave voltage
to the X scale (D.C. setting); and the central switch on Recycle.
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FIGURE II1-3

' /
THE ASSEMBLED VIBRATING /REED APPARATUS, p
’ / s
SHOWING VACUUM AND GOOLING SYSTEMS.
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LEGEN -
gass dewar with ligaid N, chamber
stainless steel titbé - ya\nch 0.0.
brass container top
aluminum foil gasket
Six screws
copper containér
rubber stoppers
rubber sleeve
aluminum stopper
fiole for ‘adding liquid N,
clamp to adjust cell height
two RF feedthroughs
teflon plug with six pins for

heater and thermocouples
mercury manometer
Todd vacuum pressure reguiator
drierite-column and trap
cormection to pump on liquid N,
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<

EXPERIMENTAL SET-UP:

©

The fully assembled vibrating reed apparatus, including the

' .

vacuum and coo;;ng systens is given in Figure II-3. The low

temperature dewar vessel is of glass and contains an inner and an

3

a ' -

outer annular chamﬁe; for liquid nitrégen coqlant. There is pro-
vision for pumping on the liquid nitrogen in‘the inner container

to achileve tempeFatures to ~210%. A second rotary pump equipped
with a vacuum pressure control unit is used to maintain a low
constant pressure inside the sample compartment with lodﬁtemperaturg
sealing achieveq b; ;eans of an aluminumAfoil gasket. The dewar
vesselnéests on a pla%form supported by rubber-stoppers, for }

s

vibration isolation.
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IIT MODE OF OPERATION: . -

A: SAMPLE: . ) .

The éample is a molded rod with square or rectangular cross .

section, and typical dimensions: . oo ”

¥ K
2 - length - 2, to 5. cm;

w - width - 0.60 cm; and . o

t - thickness -,0.10 to 0.25 cm

N

An iron tab is glued to one endsof the sample with epoxy
glue. The tab can be a rectangular piece cut from a razor blaﬁe,

, ,with a typical welght of about 0.008 g. Figure II-4A shows the

sample and tab geometry in relation to the clamp and magnet

positions. It should bé noted that g is the 'free' lenéth from
v .
the clamp to the end of the sample.

& K4 ] . “
The tab faces the magnetic coil; when alternatiﬁg current j
is applied to the coil, the force on the tab ’sets up a vibration ) ;
et 1
. ' Er ) H , i
in the sample. .
The resonance frequency f0 of the rod depends on sample -~
geometry according to the relation:
; , ,
‘ £ thickness t, . . (11-1)

o © (length)? ~ 227 BN ‘ “
. y ‘

fo is also dgpenﬁent on modulus and density

'
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-~ N

B: CELL ASSEMBLY:

“

The assembled cell is shown in Figure II-4B, where drawings

anv '

(a), (b) and (c) represent side, front and cross—sectionad:wiews ¢
/ ", ”urespectively. Not ‘shown is a nichrome heating wire of resistance

v»10Q', wound around r‘t:he support ‘rod above the clamp. i

-y -~
o L

The following steps are ta:ken on assembling the cell:

- -

" a Al e
1. Position claw on support lrod using centre s¢rew. Line

s up clamp, transducer, sample and electrode as perfectly, as possible,

I .
! ¢

B S e : as in diagram (a)/_of Figure II-4B. Be sure sanple 1is centered in
P ;

f - e clamp and’ closely perpendicular to it (for pure transverse vibration).

.
' §

' ~,2. Tighten nuts against springs (diagram (c)) of Figure II-4B

for very tight clampinﬁ. Both sides should beﬁ about equally tight, -

1

! ,
§ v v to avoid cracking the transducer. (This rarely happens with PZT-4

ceramic transducers which are extremely tough, seldom cracking

N
F——

4 even dnder severe stress such as that due to rapid cooling.)
{ ,

3. Centre metal tab exactly over the po‘le’ of the magnet and

° J

B
v

W

set clearance to about 5/1000 to 10/1000 inch (15/1000" for

» : -
?& " thipnest samples (about 0.1 cm thick) which might otherwise be
) ) hent causing the magnet to touch the. tab), Thi7 ‘adjustment is .
' * done using the two nuts which hold, the hagnet ir; pla::e. Thickness

it ;""&. -

B

&
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gauges may be used to measure spacing. The lower this éphéing is,

the greater the force will be.

’

4. Position thermocouples as desired either in the vapour space
(such as that shown in diagram (a) of Figure II-4B) or possibly

touching the fixed end of the sampﬁf."k

5

5. Prepare the aluminum foil gasket as- follows: fold several

layers of foil over the mouth of the cell container and tape in
place; then carefully cué away the inside area using a compass point;

L
next press the remaining inside area onto the inner wall of the cell

container; ths? break the foil gasket at the six screw holes (again

uging a compass point) and place the cell container carefully around
L) f
the sample assembly; finally; insert and securely tighten the six

screws,

6. If desired, place some drylng agent inside the container

.on assembly, to ensure reasonable dryness throughout the experiment.

v
* ]

, - ; ;A L

" COOLDOWN AND WARMUP PROCEDURE:

v
e R N ey et b ek pwerl o bae Saw A o w e

«

1. Warming Tests:

‘

A .useful test procedure 18 to cool the cell down with liquid
nitrogen additioh to the central dewar. Once liquid N, temperature

(ca. -195.5qc) is attained, pumping‘on the coolant is begun (Pump B

s
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in Figure II-3) so as to achieve temperatures as low as 721000.
Solid nitrogen will be produced in the middle dewar. The pumping
rate will be very high at first, but it will be satisfactory

once the liquid nitrogen has solidified. Eventually the cell ,

temperature will begin to rise. at a rate which depends.on the

—
+

qualify of the dewar's insulating vacuum.

Slow warming rates are advisable for several reasons: rapid
rates may result in differences between sample and thermocouple
temperatures, leading to errors in sample-temperature measurement;
glso, very slow warming rates(say about 10°c/hour) appear necessary
to allow detectio; of low strength relaxations ii.e, wﬁere
AfD/fo +1/1000) . Liquid nitrogen may be added to the-outer dewar

to retard the warming rate, while the heater may be used between

measurements-only, to speed up the warming rate. (A low heater

rheostat setting of, say, IQ—ZO‘volts should be 'used to avoid

burning out “the heater.) ‘ ~

Controlled low pressure (gay,uZ.O + 0,05 cm/Hg) in the hamﬁle
container~i§ desirable for efficient hea} transfer within the cell and
nggliéible sample energy loss due to air reéistance. Pressure is |
controlled by meansyof a rotary pump (A in Figure IIL3)’ac£1ng \
thrbugh a Todd vacuum pressure regulatof.

S »
, -

The followﬁng steps are taken in conducting a warming rum:

-

%) pump down main dewar insulating vacuum befqrbhand;

KA
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b)

o)

d)

e)

([I-16X

NN \

evacuate sample chamber; (NOTE: The Todd vacuum

'

- 4

pressure regulator must first be on bypass (stopcock

open); then close for control.)

cool by adding liquid Np to inner and outer dewars; N

v ¥

when approximately at liquid N, temperature, pump on ‘

liquid Njp;

«3

set angle of the vacuum pressure regulator fio give the

desired pressure (usually 2 cm). This may require

occasional readjustment if leaks are present, l.e., if

the aluminum foil gasket is not sealing well.

2. Cooling’ Tests:

——tfon

With the existing cell, a cooling run may also be dome, in

which the saméle cell (internal gressuré controlled as above) is

-

cooled with small additions of liquid N, measurements being made

between additions. Too rapid cooling may produce spikes of trans-

kY

ducer noise, making co6ling rates lower than loclminutg advisable.

D: MEASUREMENT PROCEDURE:

v

¥ -
Measurements are done as a function of temperature with the

folloying sgteps taken:
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1.\Turn Frequency Synthesizer, Frequency Counter, A.C.
Amplifier and X-Y Recorder on. Locate, the resonance frequency by
varying the frequency manually in the expected region.

2. Set the attenuator db levef to give approximately 1 wvolt
At )
maximum amplitude at the X-Y Reéorder~ (Use 0.2'vo;t/inch vertical

scale on the X-Y.) This will generally ensure that the signallis
. ! -~

much greater than the noise.

+ s

3. Select°the_appropriate X-Y Recorder horizontal scale, ‘so
: that the resonance curve is wide enough to 'give accuracy in the

half-width measurement,

Plotting a Resonance Curve:

= .
| g \

—

1

RS s e

4. With X-Y servo switch off, turn on the triangular wave

generato?. Then turn X-Y servo on (activates pen) and curve .will be

1

: L—I plotted. . .

[ O P

4
Notes:

A 1
\

14

A e cengr,

a) Adjust plotting rate with function generator dial. Too rapid
. -

plotting may cut off the top of the peak.

Gl it Wl Samd 2 2

b) The frequencylrange covered depends on the Ffequency Synthesizer

setting and the fuﬁction generator output level, as outlined in

" Section B, Adjust these to plot the resonance curve.

A
-

' ) ’

’
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- plotting the resonance curve. .

' . (11-18)
¢) Baselide: To obtain the baseline, set the attenuator to a
ver& high db level (so that essentially zero signal goes to
magnet) and replot as before;

or plot a sufficient region ardund the peak, and project back

the baseline.

.

5. After plotting, turn off servo, then turn off function

genéra;or, returning instrumen# to manual operation: Turn on

servo again. Using the CAD, locate the resonance fréquency fo’ /

by manually adjusting ;o.maximum amplitude. Record this frequency 5
(or the period) and (immediitely) take temperature readings. If

: §
temperature is changing very quickly, record it before and after

% ' ¢

6. Repeat steps 4. and 5. as a function of temperature. ' .

Y

OPERATING PROBLEMS:

-

1. Noise: ) n . . .

’

Some noise (mostly 69 cycle) is upavoidable in the test.

In general, signal is easily much greater éhan noise, but the

following sheuld be noted: " . ) .
' [\
» , o~

s A ' N
a) The heater creates very great noise and must be off during
//‘\ )

. measurements;
‘ 1
W 4 _
@ +
. "~
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%1 B A

b) The thermocouple meter also produces considerable noise

7

and must be off during measurement., The same is true for

!
mandal potentiometer measurements.

—

Low frequency A.C. noise (e.g. 60 cycle) can readily be
detected by using the X-Y Recorder zero check at an off-
resonance frequency (the drop in signal is noiée) or by
looking at the wav;foronn a 'scope' (noise produces

distortion).

c) Erratic noise may result from dirty X-Y Recorder switches.

d) Noise‘spikes may arise from too rapid cooling or heating
. ‘k‘"
of the piezoelectric transducer, prohably due to uneven

\

forces. . ! N

Temperature Measurement Below -200°C:

’ i

i

The Fluke Thermocouple meter is not-calibrated for o
operation below -200°cC. Therefore, a millivolt potentiometer |

must be used at lowest temperatures, such as those obtained ,

for pumped liquid nitrogen. ,\\\ﬁ\\gﬁdj .
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FIGURE 1I-5

TYPICAL VIBRATING REED AMPLITUDE -
FREQUENCY PLOT ILLUSTRATING HALF- - L

WIDTH AND RESONANCE FREQUENCY .
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" IV. RESULTS AND CALCULATIONS:

Figyre II-5 shows a typical amplitude—frequency plot, from which

the resonance frequency, fo, and the half width, AfH W, are obtained.

Loss Tahgeng:

, (AE), o
tan § = — o -
a —7372;—— ) (11-2)
1f half Qidth, (L\f)H W.? is measured in cm, then
¢ o’- % ) e

- 1 inch volts Hz -3) .
(Af)H.w. = H.W. (cm) x 754 cm ¥ S (inch ) x factor (vult eeo (1I-3)

-

( - where S is the XY Recorder Scale setting and 'factor' is the Frequency

Synthesizer frequency/voltage factor.

L o Example: For 0.5 volt/inch horizontal scale on XY Recorder and g

10 Hz = 0.3 v on Frequency Synthesizer,

3.79 x H.W, (cm)

fo (Hz) voe (II-4)

tan § =

Dynamic Storage Modulus: o

.
L G I s 3 Bl A 7 A e e MR W R = eime

11-3

The Storage modulus or Young's modulus is calculated as follows:

¢

PUPENY: S PINPAPEESIRSTS SR R G O -
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?/
#
B' =p B4 D2 . 12 (£)2 ver (II-5)
k t 0
i R
where: k; = 1.875 (fundamental) ‘
e ko, = 4.694 (lst overtone)
ks = 7.855 (2nd overtone)

and p, % and t are Bample density, length and thickdess respectively.

——r

- N . h . .
Thus, for the fundamental, E' = 38.33 [ﬂ p] sz, wd . (1X-6)
) 2

with the constant 38.33 replaced by 0.9758 and 0.1244 for the first

and second overtones respectively.

Dynamic Loss Modulus:

o

E" = tan'§ (E'). , : el (11-7) C

~
———
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SOURCES OF ERROR: . .

—

The vibrating reed design has been based on that of Fielding-
Russell and WettonIIfz, which 1s capable of detecting s;all mechanical
dispersions. For methyl gro;p motions in particular, it is necessary
to detect modulus changes of the order of one part per thousand in
a sample which is being cooled (or warmed) through the.relaxation
region. To achieve such high precision in modulus, a Frequency .

-

Counter capable. of measuring resonance frequency (or period) with
>

an accuracy approaching one part per million was incorporated into

the design. The error in fo was then determined mainly by ths ability

" of the operator to manually set the vibration to resonance. For polymer

samples at low temperatures (say, tan 8 ~ 0.001), use of a sensitive

X-Y Recorder X-scale (say ~1Hz/1inch) proﬁably allows fo to be set

‘to 1 part in 50,000. ', ' !

Fielding-Russell and Wet:t;onII-.2 fand standard errors of * 8% in

E' and * 0.001 in tan § for regions of low loss; they attributed this
variation to sample preparation conditions and accuracy-of measurement
of sample dimensions. The same degree of, variation in E' and tan é

i
has been observed in the present experiments with PMMA samples at low

’

temperatures.

Effect of Noise:

The presence of noise can easily account for the error in tan ¢
i

- b RN FRPEA N SO S R S
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! .

-

level. Figure 1I1-6 shows the effect of 60 Hz noise on fo and tan &

for a PMMA-Hg s?mple at 22.2% and 1 atmosphere pressure. It -can
be seen that signal/noise rqt;os less than ~ 40 produce low values
of tan\G by the mechanism shown, but no gignificant change in fo
‘and therefore modulus). This experiment guggegts thag a constant

signal/noise ratio throughout a test done as a function of temperature,

would produce a constant error in tan § without effect on the tem—

[l

perature position of a mechanical Qispeqsion: . . !
- . R

Effect of Manual Measurements: o

T
=

An error of ~ 17 in *Fdividual tan 6§ values results from measuring
Awa off the chart. Errors ﬁn measurement of sample length and thick-
ness can account for ~ 47 error in the modulus. Also, no correction
was made for the grad;al change  in sample dimensions with tem~
perature. , ,

s

Effect of the Metal T;b:
/

U ’
-
1 —

The mass of the metal tab has been neglected in the m&dulus

calculation. If desired, however, correction can be made with fhe use

* a

of the following equationII—z: N
243¢ 2 o
e MTHE om 433 un) L L. (1-8)

T 35 td

where ML is the mass of the tab attached to the free end of the sample

]

e T o LoaT
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and all other variables are as previously defined. Equation.II-8

implies that modulus values given in this report are ~ 5% low frqb,
. Lot
this source..This is not serious, since it is the temperature™

N
v
.

location .of the relaxations (obtained from changes in modulus with
temperature) which is of importance in the present study, and not

the absolute value of modulus.

ad

- - v
v

Effect of Pressure and Temperature:
s

The effect of gas pressure within the sample cell is important.
1114

In similar experimeﬁfs at ~ 10 KHz, Bordoni et a found that a
pressure'of 1 atmosphere gave a 0.001 contribution to tan 8. The

present experiments have confirmed this and have also shown that

modulus is reduced by ~ 1% on changing from vacuum to atmospheric

B

1 .
pressure. Vibrating reed tests were therefore conducted under & o
H .

controlled low 'pressure of ~ 2.0 cm, which was considered to minimize

v

these errors. At the same time, this préssure level allows sufficient
heat transfer within .the cell to achieve re;sonable warming rates !
(say, IOOC/hour) and low temperatu;$ gradients along the sample
(generally <1° and often as low as 0.l°C). Measure;entssare carried .
out during sample warm-up, with typical temberature changes of

nvO.ZOC during a frequency sweep (tan § measurement) and <0.1%
during an fo determination (modulus méasuremént).‘?iééise temperatures 1
( O.IOC) can therefore be assigned to the data points, ifabling {

3

accurate location of low strength mechanical relaxations. #fﬁ
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EFFECT OF 60 Hz NOISE ON LOSS TANGENT;AND RESONANCE
' v 2
FREQUENCY FOR PMMA~Hg AT 22.2°C AND 1 ATMOSPHEREl °
« PRESSURE. THE INSERTS SHOW TWO VOLTAGE/FREQUENCY °

SWEEPS ILLUSTRATING LOW N@ISE AND HIGH NOISE (NOISE =

AV) SITUATIONS. ° - . S
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~apparatus elﬁployed in this study is presented, so as to allow the

APPENDIX FIT i

ULTRASONIC INSTRUMENT

DESCRIPTION AND MODE OF OPERATION

In this se]ction, a detailed description of the ultrasonic

©

reader to assess the precision of the technique and to repeat the .
experiments; if he so desires. As was the case for the vibrating
reed instyument, very small relaxatiopns have been detected.  The .

design of this instrument is based on that employed by Dr. J. Krause

of Bell Laboratories.
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APPENDIX III : :
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‘ULTRASONIC INSTRUMENT, DESCRIPTION AND MODE OF OPERATION

SINGLE CRYSTAL PULSE ECHO TECHNIQUE
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—

ULTRASONIC APPARATUS — SINGLE CRYSTAL PULSE ECHO TECHNIQUE

Y
¥

PRINCIPLES OF OPERATION

i

The d&namic }nechanical properties ;f materials at hjigher-than-
audible frequenzies (greater than ~ 20,000 Hz) can be determined from
tests utilizing ultras;mic waves. These waves are génerated by piezo-—-
electric transducers (e.g. quartz crystal sections) which chanée dimen-
sions in an electric field. In the commonly-used pulse echo ékiaerimental
technique, a single cr);stal is used both to generate an initial 91tra—
sonic pulse which ig coupled into a sample and to detect echoes from the

© %

opposite face of the sample,The method has been successfully applied to

polymeric solids from room to cryogenic temperatures.

-

+a
v i

The apparatus described here permits measurements of attenuation

~

coefficient and speed of sound for longitudinal waves in low loss solid

Samples (tan, é less than ~ 0.02) over a frequency range'of 1 to 20 MHz.
/

From these experimental values, the loss tangent (tan §), real Young's

v w e st m

nodufis (E') and imaginaty Young's modulus (E'Y) can be calculated.

M

E:.’ £

st S} AR St et s o ot

i

L

M&MW%WM&EQMW
i : ‘ .o -
latter being attained with the use of a low wattage heater., ‘ ’

.
4

Pressure Range: Normally 1 atmosphere throughout a test. Vacuum operation

is also possible, with suitable experimental technique.

r
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DESCRIPTION OF INSTRUMENT ,

A: SCHEMATIC DIAGRAM OF APPARATUS:

A schematic diagram o% the yltrasonic pulse ‘echo apébaratus
has been given in Figure 13 of the Experimental section and is
reproduced as Figure I1I-1 for convenience in the present ;iiscussion.
The Pulse Generator main frame - R.F. plug-in combination (A+B)
generates pulses of radio freque‘ncyi at the desired frequency; these

“u

pulses are appliedvia impedance matching network D to pilezoelectric
transducer T, which vibrates at the frequenLy of the electrical
signal. The transducer i{s attached by means of a thin layer of
suitable bonding agent X to solid sample S which has closely parallel
faces (ax; compared to ghe wavelength of the ultrasound). The ultra.-
- sonlc pulse is coupled into the sample where it travels at a character-
istic speea(and undergoes a serles of internal reflections from the
sample faces until all the sound energy has been d?ssipated. The
transéucer also acts as a detector for the returning pulse echoes,’
producing electrical pulses which pass back through the matching net-
work D and the stepped attenuator C to RF plug-in B whete they are

amplified and. then rectified (leaving only the RF pulsé envelopes).

This video output is then displayed on Oscilloscope E where an

gxponentiallir decaying series of evenly spaced pulses 18 observed.
; : , 3

/S

k]
¢

The stepped attentuator C 1s a variable resistance unit‘u&ed

to measure relative attenuation levels of the pulse echoes. The

N

0sciX1oscope yilelds accurate values for the time. between these echoes,

This 1nformati_on is analyzed to obtain the desired mechanical propert'ieal

I

¢
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) . FIGURE III-1 s
i . ) .
1 SCHEMATIC DIAGRAM OF ULTRASONIC PULSE ECHO APPARATUS -
'! , .
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pulse generator video ~
[moin tram > N
R r .

plug-—m sync [“6'993"] l15 l .
f ® o®o | N e ‘
to receiver ® scope
| ]
150V
I&sl stepped 3
atfenﬁgtor © i
( ' impedance . . transducer
matching © ; i
10 networ o ' i
®© ‘:L' ® sample ’[
§ LEGEND
| . A Pulse Generatory main frame : Matec model 6600
B Rudiofrequency plug in : Matec model 950, /-20 MHz range
i C Stepped Attenuator, O-80db in Ql db steps: Texscan LA's
’ D Impedance Matching Network,0-28 14 : Matec model 65, rated
j 5-30MHz - |
3 E_ Oscilioscope : Tektronix model 535A with type L amplifier
L T Transqucer: amr?TVatpeq—msner Cor,t_:., ceramic, Automation
* Industries .
é S Sample:cylindrical, with closely paratlel faces (top face requ:res
‘t‘ , ‘an electrode for use with quartz transducer)
X Bonding liquid layer between transducer and sample

CRESDTAETTER e e AT e

S

[

(nurnbers éiven in the figure are tyoical for IS5 MHz operation)
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RF PULSE GENERATOR-AND OSCILLOSCOPE - Detailed Descriptions and

Settings: -

Radio Frequency Pulse Génerator: (Parts A & B in Figure III-1):

-

The Matec mode1\6600 main frame, in conjunction with model 950

~

o K -
" RF plug-in, produces high voltage RF pulses (~ 150 volts peak-to-

.

peak) of variable ‘width (0.5 to 5 psec) and repetition rate ( 5 - 500
pulses/sec) over a nominal frequency range of 1 to 20 Miz. (The model

960 RF plug-in coveriﬁg the frequency region 10 to 310 MHz is also

\

available.)

Y -
e fa- 1

Optimum Settings: ’

£

Main Frame (6600):

Mode of operation: A - single pulse mode.

Pulse amplitude: Maximum, ~150 v. peak~to-peak.

7y

Pulse repetition rate: Near maximum on 50 - 500 pulse/sec scale.
Pulse width: ~ ~ 2 psec ~ set for sharp echoes of maximum
height; kept constant throughout a given test.

’

Receiver gain: Maximug, ~ 70 db of amplification. >

Plug-In (950):

RF tuning: Rangé and tuning dials are set according to

the calibration table supplied; fine adjust-

ments are made a%ter sample assembly so as

to achleve maximum echo strength and symmetry.
Detector filter: Position 1 for < 3 MHz

Position 2 for » 3 MHz. )

3
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[

' ( Cable Connections:

f} RF ouw\‘ ( The 'LOW-Z' output from the Elug—in “(BNC
fitting) is connected directly to a BNC tee;
the‘two arn;s o‘f the tee are connected by cables
{each 2 feet long) to the attenyator and matching
network input respectively.
RF echoes in: The ultrasonic echo train t;) be amplified’ goes
* . from the atte’nuator viai 2 foot cable to the

4

'IN TO RECEIVER' connector on the plug-in.

H

Video output: Goes to the vertical scale of the oscilloscope
from a rear main frame connector.
Sync output: Goes to the trigger connector of the B horizon-

tal scale-of the oscilloscope from a rear main: '

frame connector.

-

All cables are coaxial with 50 Q characteristic impedance, and

BNC fittings.

Ogcilloscope (Part E in Figure ITI-1): A Tekti‘;'onix 535A oscilloscope
equipped with a single trace ﬁ-type plug~in }amplifier and viewing

hood 1is operated in the 'A DELAYED BY B' mode, Here, the B time base

is triggered by the pulse generator and the A time base is triggered

after a time interval which can be varied manually withthe delay——— S
4

time multiplier. This s\pecial feature of the model 535A oscilloscope o

AT

permits very accurate measurement of the time between successive
' Yo

C ultrasonic echoes. 11I-1

¢
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N | | y ! .
' (,, { Optimum Settings: N : ’ . ) .
' “ ‘Horizontalt display: %A delayed by B )
Time base A: Trigger inpu:g - fro’t,n B delayed trigger
° éonnection | ©
. Triggering mode — external, negative
h ; Tr;égering level, stability - approxiuiately
i middle scale for both
Ra . ‘ Time/cm —~ 2 usec/cm for thinner samples (as
used with 15 and 25 MHz quartz '
oo transducers) | )
' ) ’ | ~5 usec-/cm for thicker samples (as \ I
" c | used with automation transducers).
Time base B: Trig'g;er input - from pulse generator ‘'sync
. “ out' connection | '
Triggering mode - exfc;rnal, negative |
Triggering level, stability - approximately
middle scale for both °
Deylay time/em - again 2 or 5 usec/c(n{x depending
« T . - . oﬂn’ sample thickneSSA ® .
7 Vertical Scale (type L pl\;g—in): | |
/\ | ) 2 volts/cm, A.C.; input from pulse generator - ‘
'seideo’ connection |
) 1
The osqilloscope viewing hooci serves to reduce rsflected light from -
the screen facilitating visual observation. An,aligrnnnent mark placed on
’(" this hood may be used to diminish parallax error /idn \the time measurements.
; 1 :
. e | "'m
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C:- LOW TEMPERATURE CELL DESIGN:

1

O

Design for 15 and 25 MHz Quartz Transducers:

<

This low temperature cell is illustrated in Figure III-2. It

is specifically designed for use with thin unplated &"-diameter

o X~cut quartz transducefs.° A principal, feature of the cell is that
the sample holder may be assembled independently of the body of -

the cell.

El L4 ' "
. o 3

All parts are of copper for high thermal comductivity, unless

otherwise noted on the diagrams, except for the pins which are all

’

1/8"~diameter stainless steel. The cell container is principally
stainless steel, but, silver soldered to copper at the supported
end (see Figure II1I-2). This is to permit a soft solder joint to

be made between the container and cell cover for operation of the

cell under vacuum. However, the cell is generally operated at

N

atmospheric pressure, so that this soft solder‘sqmection‘ is not
needed.

© T s
o .

It is very important that the sample holder and cell body be

> ——

effective ground connection for the unplated transducer. (:I‘he

ground passes from cell body to sample holder to the sample's
’ 4

electrode surface (see part III A: 2).) The brass button thicknegs

. 4
must also be carefully chosen so that the spring coptact is '
s ““9 s B

.
S M

ot :
Sanmk

-

e
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4

© r bl
o - dicer/sample tontact. &
'a ' v “i {
. ' 3 " J / " Figure III-3 shows this low temperature cell in place for an
. ‘ . ' e , '
cell is surrounded with a close-fittimng copper

[4 LS

L ot f experiment. Th
. . / jacket which, attaches over the cell cover by means of several set
7

{ T

e

o ¢ A 1 v
Cod screws. This jadket serves both to hold the. inner cogltainer in i
~ (“ t ‘ . i + .

i L N 3
1 o ) 14 place' and to aclieve better temperature uniformity r;’hroughout: the
s e o ' ) - ;
[ o ;’f . cell. . : .
§ e 3 /

¢ \ & !
{ i
b o/ - "
‘u} . S L 2. Design for I and [2.25 MHz Ceramic Transducers: '
i 0 ‘ T a 1 " ,, i’ .
h o R . , -
L, o @ / ‘ ! R ' R v

e LA ‘0 ’ > » &
. , Co The frequency.region from 1 to 10 MHz was studied using 1 MHz -

_and 2.25 MHz Automation Industries mounted ceramic transducers at ‘
° s Q

»
- + '

" fundamental and ?vert‘one frequencies. The transducer and sample
" . T B

!

* o
'

i . . . :
were simply clamped together in the sample holder described in part

1. A thermocouple was positioned and the appropriate coaxial cable

5 —
.

‘connected. An aluminum foil container was fashioned about this cell

a

~
and the assembly placed in a dewar wvessel for cooling. These ex-

.® ;
periments were 1

imited to temperatures greater than ~‘-100°C in
* - N

order to avoid cracking the mounted transduce/rs. \
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SAMPLES AND #"~-DIAMETER QUARTZ TRANSDUCERS (FREQUENCY .
“ /
RANGE 15 - 25 MHz), .
ASSEMBLY DRAWING - ACTUAL SIZE, ‘ ’ )
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FIGURE III-2 .
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LeW TEMPERAFURE CELL DESIGN FOR USE WITH\y'-DIAMETER
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5.s.container

/

set screws

sample

s

hole for t.c.

vart
gr sta

fro)riwsduce?—_\—_‘

brass button—/ :

e

spring contact —]

brass cylinde?‘ ;
teflon insert /

copper block
vﬁ.ﬁmd wiﬁ\ .
heating wire

X

conm
o

LY
cod

high yoltage
pin

copper

thermocouple
leads

coax ctable

3"s.s. tube
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'FIGURE III-3
*LOW TEMPERATURE CELL (FREQUENCY RANGE 15 - 25 MHz) .
IN PLACE IN SPECIAL DEWAR. . ,
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¢ III MODE OF OPERATION L ' ‘ 3
. ’ ' J ]
A ) \ ‘
\ ‘ . > ﬁ.z g
© A:i SAMPLE PREPARATION:
k ( |
\ ’ -~ [ .
$a ples, which are cylindrical in shape, may be prepared by éﬁ
4

e

the compression molding technique. They must be free of air bubbles

B k) .
and imperfections which would absorb and scatter ultrasonic waves.

£
Impurities also contribute to ultrasonic absorption at specific

.

temperatures and frequencies.

°

+
! :
%

- 1, Optimum Dimensions:
. o

>
13
e v bt "
R U S

‘ } ' The sample diameter must be sufficiently greater than the ) < o
transducer diameter to minimize the effects of beam spread. Beam .
\ .
spread increases as frequency and transducer diameter decr:ease.nl"2 , .

Consequently larger

e et e e e

quencies.

too large a thickness will result in fewer observable echoes, . .

reducing accuracy in the velocity and tan § calculations. There

exists an optimum thickness depending on the pulse width used

’ (~2 hsec) and on the attenuation coefficient (db/cm).
(i“ ' S . Opposite sample faces must be parallel to within a tenth
’ of a wavelength to minimize wave cancellation (which causes too

o
\ ,
v g T L rv-—-’m\- ~_ Tr——— }“l' e '-, e e o i s -
Vi . A T 5 f i :' “!. enx é '(...’}’ N v
® R - s (" " 3 gk L’}"\ e B
“ . {*l,.,. mi.. i&;ﬁ;«; 0 1&” (% ’t"x’* 'y ’1‘ .-'.‘ l’?q,_‘ iy Qg‘ ot ‘
At I Mﬂ"“ T iadd, ldku&““déu Mn.a.{max. 0 \ e !
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’

high tan 6's). For the polymeric miterials studied, -the wave-
length varies from ~ 0.0l cm at 25 MHz to ~0.25 'cm at 1 Miz,

so parallelisms betﬁéq,than 0.001 cm are necessary. The parallelism
can be obtained by measuring the sgmple thickness at many points
ﬁsing a narrow borg micrometer and it may)be improved by sanding

or machining, if necessary}

Recommended sample and quartz transducer dimensiops have been

- : 2
given.III 3 In practice, however, these requirements cannot always

be met,. and acceptable results have been achieved usirg the

dimensions listed below in Table III-1.

u

¥

w : '
) TABLE II11-1. SAMPLE AND TRANSDUCER DIMENSIONS USED IN PULSE
ECHO EXPERIMENTS (PULSE WIDTH ~2.0 pSEC). 4
Transducer Transducer Transducer Sample Sample * Sample
Frequency Type (Flement) Diameter Thickness Parallelism
(MHz) Diameter (") (Inch) (em) (cm)
15-25 X-Cut Quartz 0.25 0.5 0.42-0.54 +0.0005-0.001
2.25% Ceramic- 0.312 ©0.75 0.6265 . +0.0005
Mounted
. . : 3
1 Ceramic- =0.75 1.375  1.243 - $0.001

Mounted

* algo operated at overtone frequencies -

s & N ,&\, p ao v 2O
~=’ 2 Y nﬁ{u} i Nl ‘Sl(f '“ RTINS
a%ﬁﬂ%»hm.ﬂumm*%& *ﬁﬁ%ﬁwxﬁfxm” ¥
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R -~

\ Samples.to be tesgeévwitﬁ unplated quartz transducers

(15 - 25 MHz) must have ; grounding eleétrode on the f;ce which

is against the transducer. A simple techn%gue of glueing an alu-
minum foil electrode (0.001" thick) to the sample with epoxy glue .

was adopted. A smqoth flawless electrode is essential and obtainable

‘
'

in the following way:

LY

2 .
a) Place a smooth plece of aluminum foil on a hard flat surface,

e

such as a glass slide. \

b) Prepare an excess of epoxy cement, mixing 507 resin and 507 '
hardener, and spread thickly on one spot on the aluminum foil.

(Use epoxy with three hour hardening time.)

c) Press the sample firmly face-down onto the glue. Then transfer

L}

carefully (slide and all) into a clamp (such as the sample

e -~

holder of the low temperature cell) and tighten securely.

°
a

&
d) Allow the glue to harden overnight (in a desiccator if the
sample is sensitive to moisture)..Then remove it from the

a

clamp and cut away excess foil and glue with scissors.

The result 1s a'thin uniform glued layer about 0.005 cm thick

a
“n

(glue an&,e}ectrode) which will not break at temperdtures down to -
—ZQQOC. Tests were done cdmparing such an electrode with vacuum
evaporated and pressed-on aluminum electrodes, using poly (Ethylf -

methacrylate) samples (Fihure,II;Ja). No significant differences’

were observed.

AY
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N

FIGURE III-4 .

COMPARISON OF ULTRASONIC DATA FOR POLY (ETHYL METI-IIACRYLATE)

SAMPLES WITH VARIOUS ELECTRODE TYPES AND BONDING AGENTS, AT

13.5 MHz.
‘ g ' . ) Test
,. Electrode type Sample~-to-~transducer bond Pressure ’
Q evaporated aluminum epoxy ce;trnent 0.4 m Hg

{
ement 21 atm,

0.4 mm Hg

rubber
silicone oil

A glued aiun;'inum‘

O pressed aluminum

B
T (°C) tan § x107

39. 1.19¢
36. 1.17
23. '1.11
18. 0.91
.13, 0.84
3.5 ° 0.77

T (°C)  tan § x10%
25. 1.09
5. 0.76
-2, 0.74
-9. . 0.69
-13.5 '0.70
-19. 0.64
=19.5 0.57.
2. 0.63
-37. 0.64
-40.% 0,64
-4, 0.635
"

tak & x102

T (°C)
£ 32.5 1.00
2%. 1.06
4. 0.82
-5. 0.70 .
-23. 0.59
-41.5 0.69

EPN
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An electrode is not needed on samples to be tested with the

Automation mounted transducers, which contain their own ground.

3. . Thermocouple Positioning:

)

-

A small hemispherical indentation (%E-to,%g'inch'dia;:?ér) care-

fully drilled into the side edge of the sample, may be used to accom-

modate the tip of a fine copper—cdnstantan thermocouple. This

téchnique would not be usable with very. brittle samples which may

crack.

4. Storage:

- |
/

Ll . \
. i

Samples with a tendency to absorb moisture shpuld be stored in

a dry environment - e.g. over drierite (anhydrous CaSOy).

BONDING AGENT SELECTION: ~

- v h
& B [

The medium used to bond the transducer to the sample is critical

and must be carefully selected according to theatemperaturf region to

%
IIf—& has stated that."it is desirable to obtain. the

1

be gtudied. Batemén

P

thinnest possible bond that will adhere to both transducer and specimen

a
-~

over the largest temperature range“. In a note on low viscpsity liquids,

- \ . N
MathesonIII > claims that the "best bonds* are formed by liquids which

~supercoo;'in the bulk to form stable glagges": Some properties of four

¥

i£2
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\

i -

very useful bonding agents used in conjunection with the apparatus

v -

described here (for longitudinal waves) are summarized in Table III-2

below..
,.v-‘/ ' a
e . é i
R N ' P
H LO—
TABLE II1I-2. SOME PROPERTIES OF SELECQED ﬁLTRASONIC.
) ‘1‘ '
BONDING AGENTS. J
) o
Bonding Agent f; 1
General Type Name Temp. Range Notes Ref.
- ‘ Achieved (°c)} -~ #
’ ' 1
High viscosity Nonaq grease -131 to +57 | Easy to handle and III-4
liquids compatible with many.~
' materials; background
losses of 0.5 db/re-
flection are common
J DC200 silicone | -128 to +45| Can form thinnmer bond | IIL~4
oil than nonaq
Low viscosity 3-phenyl propyl. | ~188 to +25 | Forms low temperature III-5
liquids chloride glass (Tg = 147%K);
' scatter in data is
N : considerable around
room temperature.
3-phrenyl-l-pro- | -157 to +28 | Forms low temperature| III-5
o panol glass (Tg = 176%K).
! v
& ‘ :
. ‘ /j?
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CELL ASSEMBLY: ‘ v w » iy .
“\

2

Operation with Quartz Crystal Transducers: i R

Steps to be taken in assembling this cell are as follows:

a)

b)

c)

T | f

.The sample in place in the céell has been shown in Figure III-'Z .

\

i

Clean the electrode surface of the sample if necessary, using a
“ 4 / -

cotton. swab wetted with a suitable selvent (e.g.,ethanol). Care

/

N ]
must be taken that solvent does not contact the polymer.

Place the sample in the holder with the electrode side toward
the circular opening in the holder plate. Center the sample and

position it so that the thermocouple indentation is, aligned with
&

the thermocouple hole in the holder plate. Manually compress the
springs as tightly as possible, to secure the sau;pie, and tighten

the two set screws. Place the holder in a suitable stand with
- A :

the sample's electrode side up. .

Apply the quartz transducer as follows: ’ ) £
i) Remove the transducér to be used from storage in acid- ¢
dichromate cleaning solution using plastic-coated forceps

and rinse with distilled water. Gently dry tpe crystal w}.tl}

%

a cotton swab. N
ii) With the tip of a pin, place a drop of bonding agen{: near
the center of the sample's electrode surface which is .
N

visible throdgh the ‘hole in the holder plateL. o

Note: There must be sufficient bonding agentl to bond

PR POV,

E—
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Coor " over the entire face of the transducer, but not enocugh

.
AP
Eﬁ:’fa';' y b @ . .
. 2 ’ s

°to give spreading t6 both sides of the transducer (which®

[} e

results in ultrasonic pul’seos traveling into the brass

t

button as well as the sample,-producing erratic reﬁults) .
4

w

: For nonagq gré,ase bonds, a —;’7" diameter drop has béen

o [ -

found appropriate. . ®

iii) Place the crystal gently onto the gi;:op of b‘ond‘ing agent, again

T »

using the plastic coated fo‘orceps. Then press it down firmly

o

with a cotton swab to spread thePbonding liquid,’ inaking sure

0
that the crystal is well centered. A
43 ’

d) Position the gold-plated spring contact (Sérvometer Company part

'Y

# 2023) and the brass button as shown in Figure III-2, so that they

areh well centered. THen invert thé sample holder (with:-the trans-

. | ducer now attached to the sample¥.and fit it carefully onto the

« f - r
copper block, matching the thermacouple holes in each. Tighten the

nuts’ firmly?around -the three pins, and pyosit‘ibn“ the, therpocouple,

" bending it so that the tip touches the ’s'a‘gnple wall at the indentation.

Note: . At this point, it méy be advisable to theck if any
_ bonding liquid has sptead’t'o the brass button side
. ‘of the transducer, and, if it has, to remove,the

excess.

\
o

r

e) Invert the assembled cell and slide it into the copper/stainless

steel ¢€11 container (which may contain some drierite to maintain
. .

dry conditions). Then installJ the outer copper containet tightening

" the three screws at the top, as shown in Figure III-3.- o
o
Note: For vacuum operation, the inner container must be -j: :
£ goldered shut using soft “sg;d’er‘. . ' . i
\.‘ ls R & . : b . ‘.
: v . i .. - s A .
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. .
- f) Finally, place Ehe entire assembly into the dewar vessel &

MEASUREMENT PROCEDURE: : - )

TN W Vi

' '(I11-21) )

]

P
{

and make the appropriate electrical connections (Figure III-3).
ool . . Ui
\ ) LY ]

N - '
¢ , < ~

2. Operation with Automation Industries Mounted Ceramic Transducers:

f

Clamp the/samﬁle (which requires no electrode) firmly against

. .

the transducer, using an excess of bonding liquid. The sample hdlder

- described above may be employed as a clamp. Install a thermocouple

’

and the appropriate coaxial cable and pléce the 'assembly into a wide

dewar vessel. An aluminum foil container partly filled with drying,

e

agent, may be fashioned about the sample/transducer assembly<
A X ‘ - ) V } .

> t

A}

' ¢
l: Setting up the Elec¢tronics:

*
©

a) Turn on the“%zlse Generator (first main power, then high voltage)

and the 0Oscilloscope. B . - {

. & LR
A

Note: The gcdﬁe sweep may not function immediately, ptoduciné

a very bright spot on the screen. When this happens, tur?>
down the beam intensity to avoid damaging the ghosphor on

the face of the CRT.

- .

‘ b) Adjust scale settings as descg&bed in the instrumental section, .

Note: For a delay time scale of 2 usec/cm, the signal vanighes

if the delay ' time multi;l&er is clese to zgfo. It is

2 ) * - . b
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o

necessary to start "each set of readings with the multiplier

B Al 5 - . l
dial at (say) 0.10. No such, problem exists with the

. 1 i 4 -

5 usec/cm delay time scale, which can be set init:iailly to

-
s

ZeTOo.

¥

c) Once a scope trace has been obtained, set the frequency épproxi-
mately to resonance using the R.F tuning and range knobs. The

detector filter must bg on "1" or "2" for frequencies less than

N
or greater than 3 Mz respectively. Finally adjust the RF tuning

. and the impedance mat'ching network setting so as to achieve th

best hltraéonic echo train - as characterized by. sharp, symmetric.

. y
peaks of maximum amplitude which follow a uniform exponential
i L g ) . 5 ‘

' decay. ’ .

- { .

Note: The‘\@atching network may not be needed with the, 25 MHz

@

I quartz transducer. ' \ '

0

Tlne test ft"e:]uency can be obtained from the RF dial - -

setting using the calibration tables‘; this frequency is

N

not normally' changed during an ultrasonic test. The

pulse width is also kept constant at ~2 usec, but it may -

! t
occasionally have to be increased slightly to remdve any -

N instability of the trace. - 4

-

E
Y

There is also a problem of instrument recovery from the
)

R Ve

high voltage initiating pulse, which cz;n cause interfer-

ence with the first ultrasonic echo. If this echo is not
exponential with respect to the 6t}kers,‘ it should be;

omitted from the calculations.,

¢

-
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2. Taking a Set of db/time Readings;

. Y
v iL )
v _ : ,

a) Record the initial temperature. *&
b . C

— -

b) Set thecdelay time multiplier to zero (0.10 for the 2 usec/cm

g

[
P

scaie). Theri use horizontql position knob to bring the first

‘ultrasonic peak to be measured into coinciderce with the center

‘- N
vértical line on. the oscilloscope graticule. (This can be done

visually, minimizing parallax by sigh%ing past a mark on the

P
& - -

_scope viewing hood.) s ’

: c) ‘Bring the péak to a predetermined height (say 4 cm for a vertical

~ ,

| ‘ scale of 2 volts/cm) using the stepped attenuator, and record

the attenuator reading in db.

d) Center the next ultrasonic -peak on Ehé>scope'using the delay time

. « .

’ multiplier and pring it to the predetermined voltage level using

the attenuator. Record the delay time and db readings. )

‘ \ s

e) Continue this procedure for as many peaks as is practical (say
five peaks for_polymeric\samples’with tan & <~ 0701, tested at '
'—.15 MHz). The amount of ngise present and the temperature changé
during the measurements also dete;mine the. number of éeaks to be

measured.

i f) Record the final temperature. s .
) *..

k&s

.
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FIGURE III-5

3

GASEQUS, NITROGEN COOLING SYSTEM
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3. Cool-Down and ﬁgrm— Procedures'
v

A
R

Readings are taken as a function of temperature during cooling

-

dewar of small-gmounts of 1Iquid nitrogen or by directing a stream

of cold gaseous:nitrogen onto the sample cell. The latter technique

e

permits a more uniform cooling rate but cannot achieve very low

temperatures due to limitations of the transfer system used (showye
in Figure III-5). ‘

v E]

A warming run may also be domne by first cooling d%rectly (at,
say, lOO%E/hour) to the lowest temperature desired/jtaking care
not to break the sample-to-transducer bond) ;and then reheating with
tﬁe sample cell.heater ( 40 Q, consﬁqntan thermocouple wire). The .

*variac §etting for this latter heater should not exceed ~20 volts
. \ - ﬁ ,
“to prever burning the heating wire. This useful technique can gite ’
- Y! " _
a very unifdfm warming rate. r

\A
M |

a

N .
! Note: In cooling and warming tests of this nature, sample temperature
] f

m?y lag behind the thermocouple tempe?ature, to an extent

>

‘ /which depends on the cooling or warming raté.

or Ao i e

- L e r e e e e e

s s s Bt TR . - - e i el o SO

5
or warming. Cooling is achieved either by direct addition to the //4//
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IV RESULTS AND CALCULJTIONS ' ) : .

Y

A:' THEORY:I1I-0a,'b o -

!

:
~

Ultrasonic intensity I decays exponentially-with distance x 3

- o -
, @ 1in a solid due to dissipative mechanisms (duch as ?nbleqular motion):

())('7\_4 I=1 -2ax

3

e
o

s eeo (III-1)
| .
vhere a is the attenuatdion coefficient with. units of hepers/unit
/ - ‘ . Rl *
) distance in the direction of propagation and Io is the intensgity at
. P .

X = o. Figure 11I-6 illustrates this relation with respect to the &

-

pulse ‘echo experiment., - \

- ) - N
. s -

+ Since the range of intensities is yery large, a logarithmic

scale - the decibel or db scale -~ is generally used, where

B}

~ d})': 10 log (—%—),,: - §.68a X. ees (IEI-2)
[o] '

°

o/

o -

L]
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! ' FIGURE III-6

! 'y
| .

» . b
. ’

. EXPONENTIAL DECAY OF SOUND INTENSITY IN A SOLID. THE SINGLE
1"’ ﬁ D
CRYSTAL PULSE ECHO EXPERIMENT CONSISTS OF COUPLING-AN INITIAL
]
PULSE INTO THE SAMPLE (AT" X = 0) AND OBSERVING THE ECHOES

: : ~ CORRESPONDING TO 'ROUND TRIPS' THROUGH THE SAMPLE (AT X =

2t, 4t, ..., WHERE t 14) THE smw/ THICKNESS). INSERT SHOWS

N

RF NATURE OF DECAY.
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Perivation of tan §: \
AW Energy dissipated in one cycle ' .
= - ... (I11-3)
W Energy stored 0 ™
= L(x) = ig:;x) , where A is the ultrasonic wave-‘ ... (II1I-4)
_ _length (Figure III-6)
» om20x =2 a(x+A) - . .
L1 - bl . ' -
T ax ‘ «o. (III-5)
e : (
‘ -0 . . .
sl - e 2 : S (111-6)
B ' ’ . [ ] \
20X/ for (a)) << 1 - ARG § § £1))
‘ loss tangent tan § = L ©o.. (111-8)°
2 W :
: st. o
: = e 1) (111-9)
~ - It . ,

Substituting for A = v/f

-~ %% yhere v and f are sound velocity and frequency respectively,
1[4 1 \

yields: . - ) . .
J ‘ . i
tan 6 = XL _ 1 A (db) axt 1 A (db)f.,. (I11-10).
- nfE T, nf 8.68Ax At'} T 8.68TNf |4 t!
|
- 2 tan s 23367 4 (db) cev (I1I-11)

f a t!
| -

3

which is a form suitable for the pulse echo experiment. (N#te

- e

that, in this derivation, t' refers to time.)

— o
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; (q versus distance respectively for a poly (ethyl methécrylate) sample at

(; ) function of temperature, can exhibit lgcal minima which may be inter-

(I1I-29) . .

Real and Imaginary Young's Moduli: .

/ BN
/

n ) R

. Real Young's Modulus: E' = pv ..% (III-lZ).
) where p 1is the densicy of the medium. / 3

Imaginary Young's Modulus: E'' = (tan §) E' ./. (I11-13) , s

J

E' (the in-phase stress/strain) is related to energy 'stored

I

by the medium, while E'' (the out-of-phase stress/straiq) is related

to energy dissipated. :

B: RESULTS:

«
¢

Figures III-7a and III-7b show attenuation versus time and time

- [

24°C and 13.5 MHz. The slope of the upper curve (%%?)‘yields a tan §

i )

!
= 0.0106. The slope of the lower curve (pgoportional to %ﬁ)permits
&

calculation of the speed of sound. The slopes and standard deviations

11-7 A complete

are calculated by the least squares fitting technique.
experiment consists of obtaining such data as a function of temperature, ;
N s0 that curves of tan & and velocity versus temperature are established. .

Peaks in tan § and inflections in the velocity (proportional to /ET)

can then be correlated with molecular mechanisms of energy dissipation. ]

Single Peak Measurement:

/

Plots of attenuation level (db) for a single RF echo, as a - '
1

. / :
preted in terms of molecular motion. This technique would be especially

-

B
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FICURE III-7A & B (
. ' ULTRASONIC RESULTS P
- ' ’ . . ?
i ! poy 4 )
Fad
" A: ULTRASONIC ATTENUATION VERSUS TIME FOR POLY (ETHYL .
’ METHACRYLATE) AT 24°C AND 13.5 MHz. THE SLOPE YIELDS g
A.TAN & = 0.0106. i ‘ <
j .
e X 5 ’ ;
1 ‘4 : - ' e \h" \ g
( ~ B: TIME VERSUS DISTAYCE FOR POLY (ETHYL METHACRYLATE) !
. AT 24°C AND 13.5 MHz. (1 ROUND TRIP = 0.544 cm). , I g
| . 4 = . '
; ) it R ’ ) ' s
Peak {# Time (usec x 1/2) db level
- yl - ———
) 1 0.10 45.5
a
2 1.42 37. y '
o 3 2.72 25. ? g
-~ 4 3.96 ' " 15.
| 5 5.14 7. :
; T,
I .
! 4
/ /
, ’ Y ] .
‘ /
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e ’ I ‘
. . !
T L3

o . Ao £ N B T o A LN R o Bt - it 2 S e LTI - S T, ST SR N TR L TP A 0 T T v . T . 78 Py N PR SO W T Wor 7 17 e




i‘»"li‘l' .
A 4 '
8

Ok
38
¥ e
X lat
#n
» adii
* Fraken
AL
e
H
3
i

.
Ahng -
e

) » :".)vi:
[ 1
EN

»

.

ATTENUATION (db)

a

.
.
i
o
f
~
.
]
.
!
o

DISTANCE & -
(round trips)
/

.

B

<




R

[ WO R
g ’
A4

‘ - . (111-31)

i ] ' 4 useful when only one echo is observable, as in high loq§ materials
' or higher frequency tests. Het@ the initlatlng pulse frequency,

’ ’ width and amplitude must be constant throughout the test .and trans-

[ 4

ducer'behavior must not change much with z_temperatu/re. Interpretation .
T dt ‘of any db vs temperature minima found must still be don@”with great
care - perhaps only in cases where positions of molecular motion .

} ‘ are already indicated by previous experiments at other ?requencies.

? . - C: CALCULATIONS: 4 . . . )

LY N

.

- ' A computer program has been developed to calculate tan 5, speed

of sound, :;nd standard deviations in each of these quantities from

: ' ' ~ I-
& ultrasonic data on two.or more echoes. A least squares fitn 7 is

¢

first applied to r.he db versus time data, and tan & together with its

’ standard deviation is calculated 'I‘hen time versus distance data is .

fitted for the same echo train, yielding the velocity and its standard
v |3

. deviation. . : , N o<
& -
Y i
t

¢ ' The calculations are summaﬂi'fzed as follows: .

4 - . , f

FYo - Least squares fif: For n values of y as a f (x), assuming that x

Lo e

§ values are p iGe and that all uncertainty is contained in the y-

ki ) o . .

5" ’ .values, whose weights are all equal, o~ - .
P i
. )

P y = Ax + B : eoo (I1I-14)

’ b ’ i ' 3 S

s : * |
A ( ‘ . / vhere A= " Z (xiyi) - Exi Zyi \ et f

% 4 o

. ' 2

b n in - (in) ( ...,(III—IS)

4

¥
{
i
{
i
:
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 The standard deviatiqu;of Ay\/values (where Ayi =y - (Axi + B))is:

L

“(I11-32) -

[]

L

2 - .
and.. B =@Exi Iy, = InE Gy o , -+ (II1-16)
S 2 N2 :
ni:xi - (in) . .

-

N -

& ' v

~

5y = | E(AYy) v .o, (I1I-17)
n-2 .

and the standaljlgi‘deviation of the slope is:

»

t

7 o JaniZ - (zxi)z .. (I1I-18)

-

4
L]

The calc,ulat.ions -of tan 8§, standard deviation in tan 6 and speed

of sound ar:e all straight forward.

.

- ’ ’ ' * ' N
7 - i
However, velocity v o L (vhere A, denotes §lope of time vs .
Ay , :
distance data) ' - ... (11I-19)

G

«e. (II1I-20) s

f.e. AvavZ DAy , .. (11I-21) j{
~ . “ P

so_that the calculation of standard deviation for the velocity in-

s

| ! a - ! )
volves not only the standard deviation of the x\-;lope\,\but also the

square of the velocity itself and a constant factor. o ;__m_
| N

&

S ot
L ,
H
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v

' - -~

The yltrasoni}; computer program (Fortran-level Watfiv)\is reproduced
below. Here the variables T, TAND, SDTAND, VEL, and SDVEL represent the

temperature, tan §, standard deviation in tan f , velocity, and standard )
/

Y

deviation in the velocity respectively.
~ ,
C PROGRAMME TO COMPUTE LEAST SQUARES FIT TO ULTRASONIC DATA - ' e
C X IS TIME (PSEC*1/2)+ AND Y IS ATTENUATION IN DB FOR TAN DELTA CALCULATION
C THEN TIMES ARE REASSIGNED TO Y'S FOR VELOCITY CALCULATION
C DATA CARDS- FIRST IS # OF RUNS, NEXT IS # OF CARDS OF DATA FOR FIRST RUN + FREQ
C OF RUN (MHZ) + WIDTH OF SAMPLE (CM) + TIME SCALE.+ EACH DATA CARD HAS TEMP(C)+
C # OF PEAKS + TIME FOLLOWED BY DB FOR THE PEAKS IN ORDER, THEN CARDS FOR THE
C SECOND RUN. ETC.

A

DIMENSION X(10), Y(lO) V(10), TMULT(10)
~ READ,NRUN
) NRUNC=0 )
400  NGC=0
READ,NC, FREQ,W, TIMESC
DO 45 E~1,6 \
45 TMULT(I)-l /TIMESC - i
NRUNC=NRUNC+1 . iy
WRITE(6, 5)NRUNC , FREQ
5 FORMAT (JH1,"RUN # ',I2,5X,'FREQUENCY = ',F5.2,"' MHZ')
WRITE(6,40) X
40 FORMAT(1HO,' TEMP TAN D STD DEV VEL STD DEV # Tl
1DBL . T2 DB2 T3 DB3 T4 DB& T5 DB5S
2T6 DB6') S -
WRITE(6,42)(TMULT(I),I=1,6) . '
42 FORMAT ( 1H+, -46X,F3.1,  5(11X, F3.1)) \
/ WRITE(6,41) : " : ' e
41 FORMAT(1H ,*  (C) (TAN D) (CM/US) (VEL) ‘PTS -(USEC)
1 (USEC) (USEC) (USEC) —_{USEC) ") R
11, READ,T,N, (X(K) ,Y(K) ,Ke1,N) __—
NSUB=0 ) ) .
NCC=NCC+1 ' - - »

.

13 SIMX0.0 I : / 0

SUMY=0.0
SUMX2=0.0 ) .
SUMXY=O.0 ‘ .
DO 12 K=1,N ) . '
SUMX=SUMX+X(K)
SUMY=SUMY+Y (K)
SUMX 2~ SUMX2+ X (K) *X(K) :
12 SUMXY=SUMXY+X (K) *Y(K) \ R ‘
XN=FLOAT (N)
A—gsm«xv (smx*suﬁw)/m)/}suuxz ~SUMX*S UMX/XN) o
B= (SUMX*SUMXY~SUMY*SUMX2) / (SUMX*XSUMX~XN*SUMX 2 )
SUM=0.0
D0ll=el,N .
V(I)=(Y(I)-(A*X(I)+B)) **2
1 SUM=SUM+V(1)
4 STDDEV=Q, . "

. .
\ e R ,

ks
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IF(N.EQ.2)GOTO35

STDY=SQRT (5UM/FLOAT(N-2))

STDDEV=STDY* (SQRT (XN/ (XN*SUMX2~ sunx**z)))
NSUB=NSUB+1
1F(NSUB.NE.1) GOTO055
FACTOR=".0367/FREQ t .
TAND= (-1.) *FACTOR*A*TMULT(1)
SDTAND=FACTOR*STDDEV*TMULT (1) ,
WRITE (6,50) T, TAND,SDTAND,N, (X(K),Y (X) ,K=1,N)
FORMAT (1HO,F7.1,2F8.5,16X,15,1X,12F7.3)
D021J=1,N

Y(J)=X(J)

X(J)=FLOAT(J-1) . :
GOT013

VEL= (W/A) *2, *TMULT (1)
SDVEL=STDDEV*XVEL**2/ (2, *W*TMULT(l))
WRITE (6,51) VEL,SDVEL

FORMAT(1H+ 23X,2F8.5) ;
IF (NCC.NE.NC)GOTO11 -
IF(NRUNC.NE.NRUN)GOTO400
STOP - - 3
END

o

t for X as time in uséc x %, enter the timescale (denoted TIMESC)
as 2. X may also be time in pusec x 1/5, corresponding to TIMESC = 5.

* i ]

po e =
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a‘:o & \ Ve
) P VIBRATxic REED GRAPHICAL AND NUMERICAL DATA FOR FREE-RADICAL PMMA—Hg AND

PMMA-D8 AT VARIOUS TEST FREQUENCIES (f/or Figures not shown in the text.)

/: - ’ & ,
‘}ibtating reed graphical data in support of results cited in Tables
1 4 -
2 and 3 of the text for free-radically prepared PMMA-Hg and PMMA-Dg respec~
tively are given in this section to avoid repetition in the text. Experi-

mental curveaof E' and tand as a function of temperature are reported

along with the corresponding numerical data. Initial and final values of
‘ |
resonance frequency are givén for each experiment, so tha\t the constant fac-
" tor relating f02 and E' (and therefore the f, value for any experimental

point) may be calculated, if desired. Lk ‘
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(1Iv-1)

\ b -

INDEX : VIBRATING REED GRAPHICAL AND NUMERICAL DATA. \
- ” . o 1‘
POLYMER J?  FIGURE # , APPROXIMATE -], PAéQ,# ,
i A : "} * TEST FREQUENCY A ‘
(Hz) - ‘
]r . N
' PMMA-Hg V-1 230 V-2
~ -~ IV-2 275 e iv-3 -
(FREE- V-3 ) 215 V-4
RADICAL) V-4 295 V-5 |
V-5 495 "
V-6 : 500 V-6
. 1v-7 565 V-7 |
V-8 570 IV-8 ,
) -9 | 710 V-9 i
IV~10- - 715 V-10 , 3
©Iv-11 N\ | 1325 & 1630 Toav-1 4
. v-12 | - 1750 . Iv-12 :
v-13 1770 V=13,
W-14 3000 IV-14 :
v-15 3000, . IV-153
. V-16 ' 3000 " IV-16
w-17 4300 ©Iv-17 3
1v-18 .9100 v-18
Iv-19 ' 9250 -oo"
PMMA—Ds [ V=20 -370° iv-19 ..
(FREE~ w-21 - 550 -20 |
RADICAL) 1v-22 1000 wv-21 : ;
- ) 1v-23 s 1400 1V-22 ' '
—_—T . ) v-24 1730 v-23
- : V-25 . 74000 V-24 ,

. ) ‘ - ' Sy
(see alsF Figures 14 and iS_of the text,).

® e

LI




. (1V-2) -

FIGURE IV-1

PMMA-Hg : VIBRATING REED RESULTS AT ~230 HZ. A" % relaxation is present
at -200.5°C and 225.3 Hz. (f, varied from 226.58 Hz at =205,79C to 224.14
Hz at -173.2°C.) - ’ s

T (°C) . - E'x10710 (dynes /sz)
- - 7
<205.7 . 8.2741
‘) -205.0 L < 8.2727
-204.2 8.2705
-203.7 8.2683 ’
~203.2 : 8.2646
-202.1 | - 8.2661
«201.3 . 8.2587
~201.0 8.2609
~200.1 ‘ 8.2492
-198.9 , _ 8.2448
-197.8 . ' 8.2441
-196.6 8.2389
. =195.6 8.2309
-193.8 '8.2324
-192.6 ) \x38.2236
-192.0 . 8.2287
-190.7 8.2177
~190.3 ‘ 8.2214
© -189.1 - '8,2141
-188.0 T e 8.2104
. -186.7 ’ 8.2038
4 -185.8 : ‘ / 8.2053
18474 v . “ 8.1907 - |
-183.7 . ' . 8.1900 .
~182.5 ; 2 8.1944
-181.4 . -~ 8.1936
-180.5 . 8.1965
-179.2 . 8.1907 . i
-177.0 : / C 8.1819 -
~175.5 , 8.1688 :
- ~174.1 _ © 8,1666 . L
-173.2 - g 8.1688 - - \
~ t

&
-
ra
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e TRE

PMMA-H,,
at 416§°
"141. 70C0 )

and 2?4 Hz.

(Iv-3)

FIGURE IV-2

VIBRATING REED RESULTS AT ~275 HZ,

T (%0
~183.3 ]
'-152.31
© ~176.8
) ~173.0
-170.2
-1@3:5
-166.8
Ligas .
. -162.8 o
-160.9

-158.8

-156.5

“154.6

~150.2

-146.1

“141;7 . R e

-

The relaxation is presént
(fs varied from 275 43 Hz at —l§3 39 t-r271 55 Hz at

kS

E'xlO'lO (dynes/cm?)
|

7.6924
7.6952
7. 6667
7.6455
7.6338
7.6272
7.6194
7.6077
7.6022
7.5849
7,6750
7.5639
7.5550
7.5318
7.5053

- 1.4772

N
P N,
'

Y

5




7.68

7.64

7.60

7.56

.7.52

7.48

ONCTT f~275 Hz
u P ]

PMMA-Hg’

/.
gl
A

-180
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* , . " (Iv-4) K ,
’ FIGURE 1Vv-3 ; i

-~

P . .
PMMA-Hg : VIBRATING REED RESULTS AT ~275 Hz. The g\relaxation is

present at -}98°C and 277 Hz. (f, varied from 277 6 at —202.4°C to®

274,55 Hz 3;,;;€i 8°c. ) i

, T (°C) ‘ ' tand x103 _ '
-202.4 . \ 2.60 -
. ©oZ200.0 2.63
- " -199.8 ) 2,71
© -197.0 ' 2.67
-195.3 ) 2.65 .
-193.5 . * ) 2.60 '
| -192.3 . 21 :
o . =190.2° 2:
~189.2 ;o 2.57 e
S . -186.7 ‘ - " 2,63
' -182.7 - . 2.68 U
Lo-179.7 ; , 7179, ’ : !
-17617 , “2.88 . N
- -173.5 ) o 3.00 l
l - ] . . .
-172.0 . 3,08 . \
. . i ’ .' Ly
-170.5 , 3,18 , -
3 i . P R ' i
-169.0 § 3.25 i ,
-167.3 3.4}, T ) i
=165.8 ~ 3,52, : Y
N W E -
° ! .1
\‘ * TK v i ) | s 1,”‘_;_, i A;:a;. . "“"j & A



2H S/~
B

Y




7~

e
¢

N

PMMA-Hg : VIBRATING REED RESULTS AT ~295 HZ.
at -196.5°C and 295.3 Hz. (f, varied from 295.64 Hz at -200.2°C to 293.27

Hz at —171.4°Q.)

(IvV-5)

¢ FIGURE IV-4

The % relaxation is present

-
T _(°C) E'x10~10(dynes /cm?) T (%) . E'x10"dynes/en?)
-200.2 7.3392 -190.9 (L~ < 7:3001
-199.1 7.3338 ~189.5 7.2931
. -197.8 7.3308 ~188.7 7.2897
-197.4 7.3293 ~186.9 7.2832
‘ -196.1 7.3204 -184.1 7.2733
-195.1 7.3164 ~180.2 7.2580
-194 .7 7.315, -177.9 7.2506
-193.4 © 7.3080 ‘ -176.0 7.2408
‘ -192.6° . 7.3040 -171,4 7.2220
-191.5 7.3030 \ . ]
‘ j / '
. ] 7
i FIGURE IV-5 - ‘
PMMA-H, : VIBRATING REED RESULTS AT ~495 HZ, The ¥, relaxation is present
at —169.50C and 496 Hz. (f, varied from 497.04 Hz at -177.0°C to 493.29 Hz
at -138,7°C.) :
T E'x10~10 T  “E'x10710 T E'x10-10
\ . (°C) (dynes /cm?) (°C) {dynes/cm?) (°C) (dynes/cm?) k
-177.0 6.7124 -163.3 6.6838 ~153.8 6.6577 )
-176.5 6.7090 7| -162.5 6.6821 -153.0  6.6556
~176.1 6.7111 ~161.6 6.6805 ~152.0  6.6519
-174.% 6,7071 ~161.1 6.6791 -151.0  6.6486
~173.4 6.7054 ~160. 4 6. 61760 -150.1 6.6460
-172.6 6.7044 -159.8 6.6746 ~149.4 6.6437
-171.2 . 6.7027 ~159.0 6.6711 ~148.6 6.6420 -
~169.1 6.6997 ~158.6 6.6694 ~{b7.8 . 6.6398 -
~168.2 6.6981 -157.8 6.6690 -146.2 6.6359
~167.00  6.6031 -157.2 16.6669 -145.0  6.632% |
-166.2 6.6917 ~156.4 6. 6642 ~143.8  6.6275 |}
-165.8  6.6898 -155.9.  6.6633 “1462.2  6.6222
-164.8 6.688Y £155,2 6.6610 -140.3  6.6156 v
¢ ~164.0 6.6858 ~154.5 6.6592 -138.7  6.6113
/\! ) 4
/
| |
- B
. L . el ings " ’W
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(1IV~6) v
. FIGURE IV-6 -
. ,
- “ PMMA-Hg : VIBRATING REED RESULTS AT ~500 HZ. Y; and ¥ relaxations are
5 , apparent at ~ ~1705C. (497 Hz) and ~-190°C (499 Hz) respectively. (f, varied
wo® ‘from 500.53 Hz at -198.7°C to 488.23 Hz at -97.7°C.) .
? : T -
; T E'x10010 .. tan$ T E'x10-10 tan b ‘
N (°C) (dynes /cm_Z) x103 , (°C) (dynes/cm?) x103
-198.7 6.8068 -148.0  6.6818 2.03 -
; -185.4  ’6.7983 1.67 -146.4  6.6758
' -193.0 6.7928 » ~145.3 6.6719 2.09
‘ -190.0 6.7884 1.72 -142,8  6.6626 '
‘ . -187.0  6.7823 . -141,7 6.6606 2.20 o
| -184.4  6.7749° 1.65 -139.4  6.6534 .
: -181.8 6.7708 -138.2 6.64588 2.26 ,
* . -179.1 6.7654 -135.8  6.6389
‘ - -176.6 6.7570 1.60 -135.2 6.6376 2.36 :
« -171.8  6.7472 -132.8  6.6284 |
g - ' ~170.0  6.7442 ©1.73 ~130.6 6.6206 .
| ' -166.1 7/ 6.7331 -129.6 6.6160 | 2.58
; ~164,2 6.7291 1.73 -126.8  6.6066
| . -162.4 6.7241 -123.7  6.5945
| -160.6 6.7204 ° 1,78 -122.3 6.5887 . . 2.95 : :
-158.4 6.7134 / -118.4  6.5722 , i
I -157.2 6,7101 1.85 -116.4  6.5641 3.24
. ~156.2 6.7064 -109.2  6.5319
L ~154.8 . 6.7037 -107.2  6.5262 3.79 A
~153.7  6:6994 1.85 -102.0  6.499% | 4
| -151.9 6.6944 ’ _ <100.0 6.4905 4,26
¥ -150.8 6.6904 1.96 o =97.7  6.4766
1 -149.1  6.6838 s ,

v
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oo , . (IV-7)

1 : \ . FIGURE 1V-7
-
, i .
PMMA-H, : VIBRATING REED RESULTS AT ~565 HZ. The ¥, relaxation is present
at j——§56°C (568 Hz). (f,fvaried from 568.8 Hz at ~167.10C to 560.7 Hz at

-105.50C, ) _ , , . .
- . ¢o , t.10~-10 2 o, 11 0-10 2 -
1 (°C) E'x10”"“(dynes/cm“) T (°¢c) E'x107""(dynes/cm®) _
’ A /
-167.1 6.778 ~136.8 6.707 i
-166.2 6.776 ~135.0 6.704 . .
~164.6 6.773 ~134.3 6.697
-163.8 6.768 -132.5 ‘ 6:695
-161.3 6.768 : -131.9 . 6.692
“ -160.3 Y 6.766 ] -129.8 © 6,685
, -159.1 N 6.766 ' -129.2 6.685
-157.9 - 76.759 ~127.2 6.676
~155.2 6.754 -126.6 6.678 .
/ ~154,5 6.740 | -124.7 . 6.669
~154.0 6.742 . © -124.1 6,664
-152.5 6.742 ~121.2 6.655
~151.0" 6.738 -120.6 6.655
“_149.8 6.735 © 1 -118.4 6.643 ° : '
g ~148.7 b 6,740 | o-117.5 6.641 - :
- ~147.5 -, 6.733 ° ~ -115.5 6.631
. -146.7 -, 6.728 -114.7 6.626
B ~145.3 6.728 -111.4 6.617 \
-144.8 6.728 ~110.8 6.612
-143.0, 6.728 -107.2 " 6.593
-142,3 6.723 . -106.8 . . 6.591 Co
-140.3 ‘ 6.719 . -106.0 6.589
\ 9.4 6.714 _ -105.5 6.586
-137.7 ) 6.709 ~ ' .
Lo ' C \ I
1 [ $
r ' 5 B , !
R . ‘ S
t « = .
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(1v-8) -~

FIGURE IV-8

‘
-

PMMA-H3 : VIBRATING REED RESULTS AT ~570 HZ. The ¥ and ¥, relaxations
are present at ~-162.5°C (569.5 Hz) and ~-188°C (571 Hz) respectively.
(fo ranged from 571.9 Hz at -197,0°C to 567.7 Hz at -147.29C.) ,

T (°C) E'xlO'IQidynes/cmz) T (°¢) E'xlO’lo(dynes/cmz)
t
-197.0 6.852 -173.0 6.821
~194.9 6.847 -171.3 6.816.
~194:6 6,850 - ~-171.0 6.819
-193.3 - 6.850 -170.3 6.814 P
-192.8 6,845 -169.8 6. 811
~191.8 6.847 | B 69,5 6.814 .
-191.2 6.847 ~168.5 6.814 3
~190.1 6.843 %168.2 6.814 -
' -189.7 6.840 -167.5 6.811
~188.8 6.845 + ~166.8 6.807
-188.3 6.843 -166.4 6.809 .
-187.6 6.838 ~165.9 6.807 ;
-187.0 6.840 -164,8 . . 6.804
~-186.3 6.838 -164.2 6.804 ;
-186,0 6.835 -163. 4 6.802
=185.0 6.835 -162.2 6.792
-184.6 6.835 -161.8 6.790
-183.3 6.835 1161.1 6.790 )
~-182.8 6.835 ~160.6 6.788 5
~181.4 6.831 ~-158.9 6.780 -
-181.1 " ] 6.833 -153.5 6.776
-179.8 | 6.831 -153.1 6.773 .
~179.5 6.828 v «151.3 6.766 .
~177.8 6.828 - -151,0 6.766 - i
~177.4 6.831 -149.9 6.759 .
~-176,3 6.826 ~149,0 6.761
-175.8 . 6. 826 -148.5 6.759
~174.7 6.823 -147.5 . 6.752
~174.4 6.808 -147.2 6.752
~173.5 6.823 ‘
i
o \
i
- » .
. f B
t -4 + ’
oy e mq“ﬂéﬁgﬁg_“uﬂﬁﬁﬁﬁHhdﬁﬂﬂﬁiﬁﬂiﬁ.ﬁﬁﬁﬁﬁﬂﬂ.ﬂﬁiﬂﬂiﬂiﬁi
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7}

PMMA-Hj <

VIERATING REED RESULTS AT ~ 710 HZ. The Y. relaxation is
(fo varied from 721.,1 Illz at ~197.39C to

presen§ at ~-145°C (710 Hz).

702.8 Hz at —121‘.}00.)

(IvV-9)

FIGURE IV-9

L4

! '

.
T . E'x10710. "} 7 E'x10"10 f E'x:0~10 :
(°C) (dynes/cn?) (°c) (dynes/cm?) . ~(°0) (dynes/cm?)
-197.3  ~ 7.274 ~165.8 | 7.159 -139.4 7.0155
-196.0 7.273 -164.9 7.152 -137.8 7.006
-195,2 7.270 ~164.7 7.152 -136.3 6.999
-193.5 - 7.267 ~164.1 7.150 -134.8 6.991
-193.0 7.264 ~163.0 7.144 -133.4 6.984
-191.9 7.262 -162.8 4 7.143 -132.2 %.978
. =191.5 . 7.258 -162.6 7.143 -131.0 6.971
-190, 8 7.256 -161.7 7.140 1 ~120.6 6,963
-189.8 7.252 -161.5 7.137 ~128.4 6.9565
-189.0- 7.252 -160.5 7.133 ~126.8 6.945¢ ¥
~188.3 7.250 -160.2 7.130 ~125.5 6.9385
-187.9 7.246 -159.3 7.127 -121.5 6.915
-187.2 7.243 ~158.3 7.125 ‘ , \\
~186. 7.243 -158.1 7.121 -
-186, 7.2405 7 | -156.8 7.115
~185.8 7.2605 ~ | -156.7 - 7.116
© -185.4 7.2375 -155.7 7.111
-194.9 7.2355 ~155.4 .7.107
-184,4 7.2325 -154.6 7.106
-183.7 7.23035 ~154,3 7.101 .
~182.6 7.2265 ~153.2 - 7.097
~182.0 7.2255 ~153.2 7.097
-181.2 7.2235 -151.6 7.091
-179.,8 ’7.2175 ~151.7 7,001 - )
-176,8 7.2055 ~150.2 7.084s
-174,8 7.197 ~150.0 7,0825 .
-174,0 7.192 -148.3 7.0755 ‘
-172.5 7.189 -146,5 7.0615
-171.0 7.181 ~144,9 7.053;
-169.8 7.175 -143.5 7.0395
-168.5 7.169 ~141.7 7.0305 ] {
-166.9 7.163 -140,3 7.0215 \\

T
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EX 10-‘0 ( dynes-cm")

123

7.24

7.20

7.16

7.12

7.08

7.04

7.00

6.96

6.92

PMMA- Hg
f~710 Hz

=190

—170 - -150 . —130

L) -
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FIGURB IV-10

PMMA—}} : VIBRATING REED RESULTS AT ~715 HzZ.
at ~-151°C (712.5 Hz). (f, ranged from 714.55

(1V%10)

The Y, relaxation is present

Hz at™-159.5° to 709.8 Hz at

-141.19°cC.)
T (°C) E'xlD‘lO(dynes/cmz) T- (°C) tand x103
-159.5 ° 7.1481 . ‘ ~158.6 21,76
-158.2 . 7.1431 0§ . -156.3 1.80
-158.5 7.1451 - -154.4 1.84g
-157.5 © 7.1391 - -152.8 1.905
-156.2 7.1331 -150.6 1.99
~156.5 7.1351 -148.3 . 2.065
-154.2 . . 7.1262 -145.9 2,13
-154.6 7.1272 ~144.,6. 2,19
-153.3 7.1192 -142.6 2,26
-152.5 7.1162 -141.0 2,295
-152.8 7.1152
-151.6 7.1112 -
-150.6 7.1032
~150.9 7.1032
-149.8 7.0972
-149.2 7.0932
-148.3 , 7.0892
-148,0 - 7.0892 |
~146.9 | 7.0853
-145.9 7.0793 \
~146.0 7.0793 \
~144.4 7.0713 .
-144.5 <. 7.0703
-143.5 7.0683 i
~142.5 , 7:0634
-142.8 17,0624 .
-141.7 © 7.0574 »
-141.0 7.0514 , ;
-141.1 - 7.0534 \ p
1 \\ ) .
> , .
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R (1v-11)

FIGURE IV~-11

\

PMMA—Hg. VIBRATING REED RESULTS AT ~1325 HZ AND ~1630 HZ (INSERT). yz
relaxations are apparent at ~-179.50C (1322 Hz) and ~-179°C (1633 Hz).
(In the experiment at 1325 ‘Hz, £, varied from 1330.8 Hz at -207.6°C to

i

1318.1 Hz at -168.7°C.) . .

b
L

]
B
’
£
£

~1325 HZ ~-1630 HZ
T (oc)  £'%10"*O(dynes/en?) T (°C) _tand x10% |
-207.6 7.3316 | -182.2 1.74
 =208.0 7.3303 ¥ 1.97
-205.4 7.3199 :
-203.3 7.3131 0
-200.1 . 7.3023 .13
-197.6" 7.2960 .2
~197.3 7.2920 | .3
-195.0 7.2880 .38,
~-194.5 7.2861 -
~192.6 7.2795 .
~190.8 7.2744 . l -
~189.,5 7.2698
-187.8 7.2652 ,
~186.1 7.2595 1
~185. 7.2554 ‘ ‘ .
+=183.3 7.2512 " * .
~181.9 7.2470 ,
-180.3 7.2413 4
-178.8 7.2334 " .
«=177.5 ©7.2293 - i
-176.2 7.2264
-174.8 7.2197 ‘ .
-173.5 7.2142 - :
~172.2 7.2087 ‘}f
-170.9 7.2035
-168.7 7.1928
1 / ]
?
- av i
!

S

¢ HTndCy. AT onhe T A
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PMMA-H

J

(1v-12)
* FIGURE IV-12
s

: VIBRATING REED RESULTS AT ~1750 HZ. 'The Y relaxation is present

at ~=-1479C.and 1761c Hz.
Hz at -91,6°C.) ’

(f0 wvaried from 1781.45 Hz at

.

-191.6° to 1731.71

a

s

e et Hk S A i A RS

’
[T VR e

PR N

L %

[
st o

PR

T E'x10-10. T E'x10-10 T E'x10~10
(°C) (dynes Jcm?) (°C) (dynes/cm?) (°C) (dynes /cm?‘)
-191.,6. 6.8168 -154,2 6.6891 . -123.6 6.5767 °
-189.4 6.8105 -153.4 6.6864 -122.8 6.5728
-188.1 6. 8049 -152.4 6.6819 -121.8 6.5711
~187.0 6.8011 -151,4 6.6792 -120.7 * 6.5666
-185.8 6.7968 ~150.2 6.6748 —lliﬁ 6.5621
-184.6 6.7930 F. ~149.1 6.6701 -118.1 6.5569
-183.6 ~  6.78% ~148.4 6.6679 -116.% 6. 5517
-182.7 6.7862 ~147.6 . 6.6653 -115.4 6.5468
-181.8 6.7843 -147.2 6.6613 -114.,2 6.5419
-180.6 6.7810 ~146.8 6,6578 -112.0 6.5315
-179.8 6.7775 ~145.6 6.6535 -109.9 ©  §6.5233
-178.6 6.7738 ~144.4 6.6483 -108.1 " 6.5154"
'-177.3 . 6.76% ~142.7 6.6419 -105.8 6.5062
-176.1 6.7662 -141.4 6.6380" -103.4 6.4946
-174.6 6.7608 -139.9 6.6338 -100.8 °  6:4838
-174.0 6.7576 ~1p9.2 6.6311 -97.6 6.4693 °
-173.2 - 617545 ~138.4 6.6289 -93.8 . 6.4527
-172.2 6.7516 ~137.8 6.6264 -91.6 6.5414
-171.1 6. 747 '~136.9 6.6247
-170.4 6. 7445 13614 6.6211
-169.4 6.7416 ~135.7 6.61387 .
-168.9 6.7395 -134.8 6.6161
-167.8 6.7368" ~133.8 6.6111 .
-167.0 6.7340 ~131.9 6.6055
-166.0 6.7306 ~130.8 '6,6019 t
-164.9 6.7255 -128.9 6.5938 ,
~164.2 6.7242 -127.8 6.5922 ‘
-162.8 6.7198 ~126.6 6.5871
-162.2 6.7174 -125.7. 6.5840 ,
-161.2 6.7127 ~124.9 6.5810
~159.7 6.7079 -123.6 6.5767 »= ‘ .
~158.6 6.7017 . -122.8 6.,5728 '
-157.6 . 67031 -121.8 6.5711
~156 6.6989 -120.7 6.5666 |
© =156, 3% 6.6971 ~=119.7 6.5621
-154.9 6.691 -118.1 6.5569
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(1v-13)

{ ' FIGURE IV-13 | "

PMMA—HB : VIBRATING REED RESULTS AT ~1770 HZ. The Y. ;elaxation is appar-
ent at ~-175°C (1770 Hz). (f, va/ried from 1782.2 Hz at -199.89C to 1765,4

Hz at -166.59C.)

, ¥
* T (9C) E!x10-10(dyne /cn?)
7 - .
: j -199.8 , 6.7908
: v ’ -198.0" 6.7778
i -196.1 6.7748 :
‘ ) -193.8 6.7649 '
-191.7 ' 6.7565 é i
-189.7 6.7497 R O i
-187.9 6.7429 . S5
' ) -185.6 6.7345
-184, 47 . 6.7315
-182.7 6.7254 . E B
-181. 6 6.7209 °. PR
-180.6 6.7171 4
. -179.3 6.7118 i
-178.6 6.7103
( ~177.9 6.7072 i
. -177.2 6.7050 e
’ | : -176.6 : 6.7019 S
-175.9 . 6.6997 o SO
. -175.4 6.6966 {
: ’ ~174,2 6.6928 . !
-173.3 6.6891 j
. c -172.5 . 6.6860 ;
CT ) ~171. 8 6.6838 :
~170. 3 6.6777
. -169.7 6.6762
-168. 8 6.6717 ° | .
. ~168.1 6.6702 ‘ ]
: -167.1 * 6.6664 ‘ P
o :5 ' -166.5  6.6634 ' -
*F‘ . . . °~ . h
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PMMA-Hg : VIBRATING RE
ent.at ~ -1189C (3025 Hz).
Hz at -111.4°C.)

(IV-14)

FIGURE IV-14

ESULTS AT '~ 3 KHZ. The VY; relaxation is appar—
(f, varied from 3051.7 Hz at ~163.6°C to 3020.8

)

T E?x10710 T . Erxio-10
(°C) (dynes/cmz) (°c) . (dynes/cm?)
» ‘ B [S

-163.6 6. 4418 -126.7 ° 6.3563"
-161.4 6.438, . -126.1 6.3557
-158.8 6.4323, - -125.0 6.3527 >
-156.2 64280 -124.4 6.3498
-153.8 . 6.4245 -123.7 6.3482
-151.2 6. 4157 u -123.2 6.3479
-148.1 6.4083 -121.9 "6.3448
-146.0 6.4032 -121.4 6.3425
-144,0 6.3981 -120.8 6.3413
~141.6 6.3919 -120.2 6.3398
-140.8 6.3911 ~119.4 6.3371
-140.2, 6. 3900 ' -118.6 - 6.3344
-139.6 6.3878 -117.3 6.3304
-138.4 6.3849 -116.8 6.3279
-137.8 6.3830 -116.0 6.3268
-137.2 - 6.3814 -115.2 6,3227

~-136.7 6.3811 ~114.6 6.3208
-135.8 6.3783 -114.0 6.3187
-134.9 6.3768 -112.8 6.3159
-133.3 6.3745 -112-.0 6.3140
-132.5 6.3716 -111.4 © 6.3119
-131.9 6.3696
-131.2 6,369 -
-130.3 6.3667 -
~129.2 6.3621
-128.6 o 6.3609 '
-127.9 6.3598 y
-127.3 6.3577
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(1IV-15)

( FIGURE IV-15

1

PMMA-Hg ; VIBRATING REED RESULTS AT~3 KHZ. The ¥; relaxation is present at
< =~=1179C (3025 Hz). (f, varied from 3040.9 Hz at -138.0°C to 3014.8 Hz at

~103,29C%) ) ‘ , .
T E'x10~10 T E'x10-10
(°C)- (dynes /&m?) (°C) (dynes/cmz) =
-138.0 6.3962 . . -118. 4- ~ 6.3360. |
-136.9 6.3931 -118.0 6.3354
-135.9 . . 6.3910 -117.6 6.3338
-134,5 6.3861 -117,2 6.3317
-~ " -133.6 . 6.3838 -117.0 6.3309
-132.0 6.3799 ~-116. 4 6.3292
-131,2 6.3772 -115,9 6.3275 -~
) -130.2 . 6.3741 -115.3 6.3252
- -129.5 "4 -6,3722 ~114,8 " 6.3242
/ -128.9 ‘ 6.3700 : -114,2 6.3231
. -128.6 6.3697 -113.8 6.3203
-128.2 ‘\ 6.3677 -113.3 6.3191
-127.2 6.3647 -112.8 6.3174
-126.5 - 6.3631 -111.8 6.3143
-125.7 6.3602 -110.8 6.3106
(x \ o =125,0 6.3583 -110,2 '6.3082
~124.,4 6.3565- -109.0 6.3048
~123,6 6.3539. -108.3 6.3029
-123.0 6.3517 -107.8 , 6.3005
-122.6 6.3508 -107.2 ‘ 6.2993
‘ -121.6 16,3479 - -106.6 6,2975
- -121.0 6.3458 ~-105. 8 6.2956
- -120.0 . 6.3426 . =104.9 6.2923
-119.6 6.3404 P -103.8 ., 6.,2892
) -119.2 , 6.3392 -103.2 6.2871
-118.8 ) 6.3378 .
o < :/

BBt A Lo el b 4 BN £ e A ol

Y




-
3
14
I
{
(
1
‘(
e
s
'X"?;‘h, N
W
/
V,‘

E'x 10-10 (dynes-cm'z)

3
'
3 .
EA -
!
ot
!
s
o
S
/ = é“
e
SE——
Ay
LAY
e e d
e Y Y . T T e X U ST, Wt s SN A




Ay T

L

PMMA—HB ¢ "VIBRATING REED RESUL&S AT ~3 KHZ.
(f, varied from 3061.6 Hz at ~155,4°C to

at ~-1219C (3036 Hz)

(1v~16)

I

FIGURE IV&16 -

(‘ e ———
The )1 relaxation

at -90,70C.) N\
o ] -10 2
T (°C) E'x10 "~ (dymes/cm®)
| +155.4 6.4834
. -152.6 6.4763 -
L -149.8 6.4676
-147.3 6.4611
-143.8" 6.4502
~140.7 6.4420
-137.6 6.4310 .
. L -136.4 6.4274
-134,6 6.4212
-133.6 6,4178
~132,2 /¢ 6.4141
-131.0 6.4114 g
, : -129,0 6.4054
. -127.8 . 6.4015: -
) ~126.1 6.3958
1 . =124,7  6.3915
; : ~121.6 6.3814
© =119.4 6.3737
~115.6 6.3606
-114.0 . 6.3536
‘-110.1 6.3423
, -106.0 6.3275
~-104.2 6.3203
" -99.4 6,3069
-98.2 6.3012
-97.4 6.2983
-95.7 6.2930
-93.4 6.2868
1—90.7 6.2769
?
N\
P

)is present
3012.4 Hz
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(1v-17)

13
FIGURE Iv-17

PMMA—HS :+  VIBRATING REED RESULTS AT ~4.3 KHZ. The
are in evidence at -~ =125°C (4319 Hz) and - -172.5°C (4379 Hz) respectively.,

(f, varied from 4393 Hz at ~197.29C to 4286,5 Hz at -110.°C)

2

LS

Y] and Y2 relaxations

T E'x10710 | 7 E'x10"10 T E'x10710
(°C) (dynes /cm?) °c) (gll_ynes/cmz) (°C) (dynes/cm?)
s N
-197.2 6.880 -166.9 6.816 -136.1 6.715
~-196.2 6.88l5 .| -165.8 6.81l4g -134,7 6.708¢
: +194.9 ~ 6.880 -165.7 6.814, -133.4 6.7025
- =194.0 6.877 -164.9 6.811 -132,2 6.696,
~193.0 6.877 -164.7 6.808 -131.0 6.691,
~192.4 6.877 . ~164.6 6.808 -129.8 6.684
-191.3 6.875 -164,2 .. 8095 -128,5 6.673
-190.2 6.8735 -163.8 6.808 -126,9 6.668;
-189.5 6.872 -162.8 6.808 -125.4 6.653"
-188.8 6.869 ~161.0 6.803 -124,2 6.641
-187.5 6.869 -160, 3 6.802 -122,7 6.6285
-186.4 6.8675 -159.5 168005 ~121.4 © 6.6195
-185.6 6.8675 -158.3 6.7925 -119.8 6,613
) ~184.6 6.8625 -157.8 ~ 6.7895 -118.3 6.601
( -183.0 6.861 ~157.0 6.788 -116.1 6.5825
~ -181.4 6.859 -156.7 6.7865 -115.1 578
~180.4 6,8565 -155.5 6.7865 -114.,0 6.5735
- \kigg.s 6/851¢ -154.6 6.781g -112.8 6.5765
-196.7 6.8485 -153.2 6.777 -111.7 6.561" -
-174.8 6.842; -151.7 6.774 -110.9 6.561
-173.5 6.839 -149.9 6.7675 ~110.0 6,5505
-172.5 6.836 - ~148.3 6.7585 é v =
-171.0 6.830 ~146.6 _ 6.755
-170.9 6.8315 -144,8 6.7475
-170.0 6.8285 ~143.5 6.743
~169.7 6.825 -141.6 6.7365
~168.6 6.823 -140.5 6.7335
: -168.4 6.8205 -139,3 6.7215
-167.2 6.8175 -137.8 6.724

1
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FIGURE IV-19 [ !

VIBRATING REED RESULTS AT ~9.25 KHZ., the

he ol (R

evidence at ~-116°C (9105 Hz). (£, varied from 9129
9089 Hz at -105.2°C,).

=l

PMMA-Hg : ¥; relaxation is
, apparent at~-164°C (9243 Hz). (f, varied from 9251 Hz at -180.4°C to 9227
Hz at —-146,7°C.) .
" E'x10-10 T E'x10"10 T E'x10710
(°C) (dynes /cm?) (°c) (dynes /cm?) (°C) (dynes/cm?)
~180.4 5.8195 -170.8 , 3.8145 -161.3 5.8045
~180.2 5.8195 -170.4, 5.816 -159.9 5,803
~179.2 5.8195 ~169.0 . 5.813 -159.5 5.8045
-178.7 .5.821 -168.8 5.8145 -1 =153, 5.801
-177.0 5.821 -167.2 5.813 ~152.7 5.797
-176.5 5.818 ' -167.0 , 5,813 -152.2 5.797
~175.3 5.818 -165.7 5.812 -150.9 5.79%
~175.0 5.817 -165.3 5,813 -150.6 5.79
-174,2 5.817 - -163.3 5,806 -148.3 5.7905
~173.8 5.816 . -162.8 5.8045 -148.0 5,789
|-172.6 . 5.817 -162.7 5.8045 -147.0 5.789
-172.1 5.817 -162.3 5.806 -146,7 5.789
o -161.7 5,804
| FIGURE IV-18 )
PMMA-Hg : VIBRATING REED RESULTS AT -9.1 KHZ. The Y; relaxation is in

Hzlat -131,0°C to

\\E 1 X10~10

T E'x10-10 T
(°C) w;gdynes/cmz) (°C) (dynes/cm?)
-131.0 5,667 -114,2 5.632
-130.2 5,663. ¢ -113.4 . 5.626
-130.0 5,663 -109.0 5.620
-129.0 5.6645 )-107.9 5,620 .
-128.3 5. 664 -107.4 5.619 €
-126.1, 5.6595 -106.9 5.619
-125.4, 5.657° -105.9 5.620
-123.8 5. 656 -105.2 5.617,
-123.1 5.653
-120.4 n.5.651 -
-119.7 5.647 . ]
-117.3 - 5.642 g
-116.8 5. 640

[
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FIGURE IV-20

PMMA-Dgs: VIBRATING REED RESULTS AT ~370 HZ. The ¥ relaxation is present
r at —-1199C (368 Hz), (f, varied from 376.0 Hz ‘at -195.5°C to 365.2 Hz at .

° -97,40C), .
E'x10-10 * .
T “(°C) (dynes/cm?) T (9C) tand x 103
) ~195.5 5.5504 ~189.8 1.24
v -191.2 5.5433 -187.6 1.25
-188.8 5.5356 -185.0" 1.27
-186.2 +5.5321 -183.0 1.29
~184.2 5.5285 -181.1 1.26
-182.2 * 5.5238 -178.0 | 1.26
-179.3 . 5,5173 -176.7 1.28
“=177.5 ' 5.5132 -174.5 1,30"
! -175.5 5.5079 -172.4 1.30
~173.5 ' 5.5061 -169.4 .35
. ~170.5 5.4984 -166.7 1.34
. -167.8 5.4925 -164.2 1.38 -
~-165.1 5.4843 -161.5 o 1,44
~162.7 5.4784 -158.6 1,49
~-159.8 5.4702 -155.5 1.55
-157.1 5.4631 -153.1 . 1.61
( -154.7 5.4579 ~149.5 1.68
Ao -151.0 S.4461 e -146.3 1.80
T =147.5 5.4362 & - v «144.5 1.87
~145.0 5.4297 -143,2 1.91
-143.8 5.4268 ~142.3 1.94
~142.6 . 5.4227, . -142.3 1,91
-142,3 5.4227 ~139.6 2.01
~140.3 © 5,4180 ° -135.5 2.11
~136.2 5.4052 -131.7 2.31
¢-132.5 -5.3935 | -128,7 2,49
. -129,5 5.383 “ / -125.5 2,73
o ~126.2 5.3731 A 123 2.88
-126.3 5.3655 . las 3.29
. -122.0 5.3574 -119.9 3.64
v =120.5 - 5.3493 -117.5 3.83
-118.3 5.3376 -115.25  3.60
-115.8 5.3272 -112.3 3.51
0 -112.9 5.3179 ~109.7 3.69
-110.1 5.3063 T -107.2 3.81
-107.6 5.2994 -100.0 . 4.23
. =101.8 5.2769 ~97,2 4,48
) U Za7.4 5.2590 ,
) O - ’. . g
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FIGURE IV-21 - ’ h
PMMA-Dg: . VIBRATING REED RESULTS AT ~550 Hz. (The )’1 relaxation is present at:-—12\0°C and 540.5
Hz. (f, varied from 548.50 Hz at -17117°c to 536.96 Hz at -103.6°C.)
T E'x10°10 | T E'x10"10 u .

(9C) (dvnes/cm?) (°C) (dvnes/cmz) T (°C) tand x103 T (°¢) tand. x103
-171.7 7.6627 ~138.6 7.5317 -169.6 0.968 -135.8 1.76
-170.2 7.6591 -136.4 7.5228 ~-168.9 0.966 -133.8 1.82 A
-169.3 7.6549 -134.5 7.5142 -167.2 ‘0.966 ~131.7 1.92
-167.8 7.6471 -132.4 7.5040 -165.9 1.01 ~129.5 2.01
-166.4 7.6432 -130.5 7.4952 -163.9 1.03 -127.2 2.14
-164.3 7.6353 -128.0 7.4835 -162.7 1.04 -125.5 T2.27
-163.2 7.6317 -126.2 7.4742 ~161.2 1.08 -123.3 2.42
-161.8 7.6253 -124.3 7.4631 -159.8 "1.10 -121.2 2.62
-160.2 7.6200 -122,0 7.4524 -158.5 1,12 -119.5 2.74
-158.7 7.6158 4 -120.2 7.4408 -156.8 1.15 -117.5 2.80 ¢
-157.6 .. 7.6094 4ﬁ -118.3 7.4298 -155.3 1.19 -115.7 2.85
=155.8 7.6022 \ -116.5 7.4180 4 -153.7 1.22 -113.5 2.93
-154.4 7.5977 114, 3 7.4070 -152.4 1.26 -111.2 3.04
-153.0 7.5916 -112.1 7.3933 ~-151.2 1.29 -108.5 3.18
-151.6 7.5863 -109.3 7.3776 ~-149.2 1.33 -106.4 3.34 -
~-149.6 7.579 -107.1 7.3664 -147.8 1.36° -104.64 3.48 -
-148.2 7.5741 -105.1 7.3541 -146.0 1.41 -102.8 3.56
~146.4 7.5658 -103.6 7.3437 N =144.5 1,46 ¢

-145.0 7.5600 -142.7— 1.50 —
-143.3. 7.5530 -140.2 1.60

-140.9°  7.5425 < ~-137.8 1.66

\
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FIGURE IV-22

-

fMMA—DB *+ VIBRATING REED RESULTS AT ~1 KHZ, The Yi and )& relaxations are
evident at ~-118°C (1007 Hz) and ~-175°C (1017 Hz) respectively. (f, varied
from 1018.61 Hz at ~185.2°C to 998.70 Hz at -93.3°C.)

T E'x10~10 tand T E'x10~10 tan T E'x10~10 tand
(°C) (dynes/cmz) x103‘ (°C) . (dynes/cm?) X107 (QC)ALdyne31cm?) x103
-185.2  5.3933 s -147.3  5.3471 -112.3 5.2495 3.48
-184.4 5.3922 1,42 -146.1 5.3451 -110.9 5.2460
-183.7 5.3913 -145,7 '5.3450 1.98 |-110. 5.2431 3.63
-182.5 5,3903 ‘1-145.0 5.3435 -109, 5.2387
-181.4 5.3892 -143.8 5.3425 -107. 5,2349
~180.3  5,3884 1,41 [ -143.1 5.3404 -107, 5,2338 3.83
~179.7 5,3873 -141.8 5.3376 -106. 5.2300
-178.7 5.3863 - -141.3 5.3373 2.12 |-105,6\ 5,2269
-177.7  5.3853 1.47 |-140.3  5.3346 ~104,8\ 5.2247 4,01
-176.9 5.3845 -139.0 5.3324 -104.0 \5.2222
-175.8 5.3818 -138.2 5.3309 . ]-103.0 5.2196
-175.1 5.3813 1.44 -137.8 2,251-102.0 5,2159
-173,5 5.3787 -134.9 2,411-101.5/5.2138 4,22
-172.9  5.3777 -132.1 2.49[~100.2 5.2095
~172.2 5.3772 1.46 |-128.8 2,64 -98,7 5.2041
~169.2 5.3742 . ~128.2 5.3026 ' -97.9 5.2022 4.47
-~168,3 5.3732 1.52 -127.2 5.2997 -97.1 5,1984
-166.8 5,3717 ~126.3  5.2968 -95.8 5.1937'
~164.7 5.3705 ~125.6 5.2945 2,811 -94.8 5.1905
-164.3 5,3695 1.56 |-124.4 5,2910 _| -9 4 5.1890 4,77
-162,0 5.3684 . 1-123.7  5.2891 -93.3 5.1845
-161.4 5.3672 1.61 -122.8 5.2871 2.97 v
-160.3 5.3649 1-121,9 5.2838 .
-159.2 5.3633 -121.2 5.2819
-158.6 5.3642 1.66 -120,5 5.2794 }
-158.2 5.3626 -119.8 5,2769 3.24
-157.7 5.3617 -118.6 . 5.2727
~-156.9 5.3613 -117.8 5.2681
-155.7 5.3593 -117.0. 5.2660 3.35
~155.3 5.3586 1.76 ~116.3 5.2636 ’
-154,2 5.3571 -115.5 5.2598 -
-152.7 5.3548" -114.6  5,2577
~-152.3 5.3546 1.82 -114.0 5.2548 3.43
-150.8 5.3523 v -113.1 5,2527
~-149.7  5.3507 /
~-149.3 ,5.3507 ,1.89
-148,2  5.3488 :
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. \ " FIGURE 1v-23

PMMA—D8 : VIBRATING REED RESULTS AT ~1400 HZ. ‘The 7 ‘and )Q relaxations

are apparent at -~-119°C (1392 Hz) and ~~176°C (1416 Hz) respectively. (f ' .
varied from 1421.02 Hz at -191.6°C to 1383.24 Hz at ~102.4°C.) ' ¢
' _ E'xlO"lO i
\ T _(°c) gdznes/cmzz\
J » .
-191.6 ° 6.1003 |
-189.0 6.0927
-186.0 6.0843
! * ~183.2 6.0780
-181.0 6.0723
- © -178.6 6.0662
-176.2 6.0580
. -174.7 6.0518 '
-172.% 6.0465
: ‘ -170.0 6.0380
P -168.2 6.0335 )
S -165.7 : 60262
“< ~163.6 6.0192
- -161.2 6.0115
L . © -158.8 ¢ 6,0033 ‘
: o -155.8 oo 5.9941 - *
: -153.4 5.9863
/ P +~150.4 . 5.9758 ‘
<147.3 5.9645
-145.0 - 5.9572 . .
. -141,0 5.9432 |
-138.5 T 5.9344
-136.0° 5.9256
-133,2 5.9135
-130.5 5.9043
‘ -127.5 5.8918
-124.7 5.8803
-121.2 "5, 8658
| . -118.5 5.8520 " .
- -116.1 . 5.8399 : o
-113.7 5.8302 , . -
-111.8 5,8218 : 2
~109.3 5.8112 ' “ \
. =107.0 5.8006 . )
~104.2 ‘ 5.7884
~102.4 N 5.7802,
@
~ / -
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H

PMMA-Dg ¢ VIBRATING REED RESULTS AT ~1730 Hz. The ¥ relaxation is appar-
ent at ~ -118.59C and 1731 Hz. '(fo varied from 1741.16 Hz at -140,1°C to

. 1723.32 Hz at -102.0°C.)
’ E'x10~10
T (°C) (dynes/cm?) T (°¢c)  tand x 103~
, , ) . -140,1 6.2421 -139,7 2.54
| | ~137.9 6.2358 -137.2 2.65
‘ -136.9 6.2331 -13%.4 2.70
- -136,0 6.2295 ~133,5 , 2,72
-134.0 " 6.2239 -131.5 2.77
-131.9 . 6.2174 -129,5 . 2.82
-129.9 6.2115 ~127.5 2,84
-128.0 6.2061 -125.6 2.88
-126.0 6.1999 -123.4 3.09
. =124,0 6.1932 ~121,4 3.26
: , . -121.8 . 6.1871 -119,4 3.35
' (w ' -119.8. 6.1793 | 1116,9 3.40
. -117.4 6.[1696 -115.4 3.44
' . ) -115.9 | 6.1631 -113.1 3.44 .
S ' -113.5 6.1558 -110.7 3.59
-111.3 " 6.1487 -109,2 3.70
b -109,7 6.1422 -107.3 3.79
-107.8 6.1362 -105.5 3,83
o -105.9 6.1295 -103.6 ' 3.95
pL . -103.9 6.1226 -101,5 ° 4.06 |
-102.0 6.1149 * .
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FIGURE IV-25

VIBRATING REED RESULTS AT ~4000 HZ. The
are in evidence at ~ -106°C (3934 Hz) and ~~175°C (4015 Hz) respect:ively.

Y1 and

Y, relaxations

(f, varied from 4034.8 Hz at -19‘7.7°C to 3923.8 Hz at -99.39C.)

E'x10"10
T (°C) (dynes/cm?) T (°C) tand x 103
-197.7 6.2693 -187.3 1.61
-195.8 6.2624 \\ -181.9 1.54
-192.8 6.2547 -179.6 1.62
~190.6 6.2491 -177.0 1.66
-188.0 6.2444 -175.3 1,61
. <185.0 6.2351 -173.2 1.51
-182.4 6.2283 ° -171.1 1.49
-180.3° 6.2231 -168.9 1,44
| _177.6 %6.2163 -166.9 1.51
-175.8 6.2091 ~164.6 1.53
-173.8 . 6,2011 -162.2 1.59
-172.2° 6.1946 -159.9 1.61
-169.3 6.1872 -157.3 1.77
- =167.25 6.1816 ~154.7 1.86
-165.1 6.1755 - -151.7 1.83
-162.9/ 6.1690 ~148.9 1.94
-160.5 6.1622 -146.8 \§.19
-158.1 6.1548 -142.0 .36
. -155.2 6.1456 -139.7 2,71
~152.1 6.1354 -137.0 2.76
~149.4 6.1271 -134.8 3.06
-146.6 6.1170 -132.0 3.06
-143.1 6.1054 ~129.1 3.08
-140.3 .. 6.0980 L =126.2 3.52
-137.75 6.0909 -123.2 3.86
~135,2 6.0808 -120.2 4,21
-132.5 6.0717 '~116.5 4,69
-129.7 6.0613 -112.2. 5.32
-126.8 6.0527 ~107.4 6.93
-123.7 6.0417 ~104.9 7.74
~120.7 6.0271 © =100.2 7.52
-117.2 6.0146 -98.8 7.50 .
-112.8 5.9965 -96.0 79,36
2108.0 5.9766 . =93.6 10.34
-105.5 5.9596 °
-100.6 5.9348 -~
-99.3 5.9291 '
L 2
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| , APPENDIX V -

,,1 ! -

. ULTRASONIC GRAPHICAL.AND NUMERICAL DATA FOR FREE-RADICAL PMMA~H _  COVERING

) 8
THE 1.3 TO 20.0 MHZ FREQUENCY RANGE (for Figures not shown in the text.) -

-
[ . _
!
[

3
B

oh

,Ultrasonic; graphical data in support of results cited in Table 6 of
the text for free-radically prepared PMMA-% are given in thds section to

avold repetition in the text. Tand and, in some cases, speed of sound and

decibel level for a single echo have been plotted as a function of temper-

ature, with detailed numerical data (consisting, in most cases, of the
®

computer print-out obtained from the ultradonic computer program given in

Appendix III) also reported.
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o‘ ! ‘
ULTRASONIC GRAPHICAL AND NUMERICAL DATA FOR FREE-RADICAL PMMA-Hg
' 14

S

4L INDEX 3
A ’ ‘ﬁ
[ " FIGURE NUMBER FREQUENCY (MHZ) PAGE NUMBER ‘
t v-1 1.3 V-2
. L . |
‘ V-2 3.4 Y V-3
V-3 13,040,1 Vet 1
e a -
‘ V-4 13.6 V=5
Lo
\- H
h V-5 ’ 18.5 V-6 o
: . | .
v-6 20.0 . V-7
' !
S
: l |
“ J
-7 -
* |
| /
' ) /
o (see also Figure 17 of the text.) L )
g '
‘ ~ [N 2
i ¢ ,
G - |
~
J
L e s




WRET W Y oy e

R L

f) .
T TEWR

24 +8
23.1

18.8
1¢.8
16,7
3 - 12.4
10.0
7.5
s S.a

3 ~7.1
"i -8.8

3 ~10,48
$ -12,3

(€ ~

sk

: ULTRASONIC RESULTS FOR PMMA-Hg AT 1.3 MHZ. The
~-38°C and ~+6°C respect&vely.

“"AN D STD OEvV
(TaN D)
0.01833 0.00014
0401813 0.00017

21.2 0,01759 N.00013

0.017720 0.00015%
0.01702 0.00011
0.01578 0.00012
0401562% 0.,.00009
0.01%77 0.00003
0.01534 0.00011
0.01489 0.00010
0.018%a 0.0001a
0.01a08 0.00012
0.01389 0.0001C
0.013%4 0.00nQ7
0401322 0.000C7
0+012%4 0.,00023
0,012486 0.0001%
0.01227 0.0N0012

0.01211 0.000C14

G.01200°0.00C08
0.,01179 0.,00007
0.01142 0,000212
0.01117 0.,00C10
0.01092 0.009012
0.01059 0.00017

0096% 0.00020
~, 00939 0.00022
0.00913 9.00021%

0.00R72 0.00022
0.Q089¢ QV.N0C22

0.00846 0.00021

0.,00849 0,00022
0.,00819 0.00020
0.00310 04)0019
0.00798 V.02322
0.006793 0.0032%
0.00817 0,30029
0.00793 0.00C258

0.00798 G.20C 34

A

i S

veL

(CM/7US)
0 42€ 348
0.,2€428
C.26478
N,.26533
0.266%4
26679
0.26710
0.26778
0.268A9
0425940
0.27901
N.27053
0.27130
0.27130
0.272a3
0e272A7
Ce2730a
C 27351
0.271337
0.27862
Q27496
DJ.27a8%
0.27670
1.27615
Ce279a9
Oa27739
0.27755
0.27828
0.27929
0.279a%
0.28072
0.28N07€
0.2R122
0.28100
%.28159
0.2820a
0.28289
N.2829€
G.28326
0.28401
0.28430
D.28585
0.28536
0.2E594

Qh;ww?

STO NEV

(VL )
0.C0057
0.00099
0.70068
0.001 16
0.C0093
G.0"979
0.cC070
0.00068
0.70358
0,0C072
0.00056
0.00062
C.000¢62
C.N0NAR
0.00082
0.007072
0 .N000¢8
0.C20°7
0.00066
C.00058
0400056
C.00048
n.000€2
0.000¢8
C.00C63
C.080%6
C.0C04a
0.0C048
0.0€029
C.00Na73
0.000£3
0.c0n027
J3.£0046
0.00049
C.00049
0.0k049
0.,00060
€.003%a8
0.0C07L
0,009 33
0.00nS5
0,00072
C.00041
€.00059

Rl g

«

(e2)71]

PTS (USEC)

&
£

OrPCODIPROOCOPPOOOORARPOOORPIOCOOONOCOOPTPOOPPTROOOO OO

0.0Q0
0.002
0,000
0.000
0.000
0.000
0.000
¢.000
0.000
0,200
0.000
0,000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0+000C
9.000
0.000
0.000
0.000
2.000
0.000
0.000
0.000
0.000
0.000
0.0090
0.000
0.000
0.020
0.000
€.000
0.000
0.000
C.C00
0.000
0.000
0.000
Q.00"7

DR1

4045

40,7

40.8
41.C
41.5
4le7
4149
az2.2
42.4
42.5
a2.6
42.8
43,2
‘J.‘
43.6
43.3
43 .8
ad.0
44,2
as.a
a4 .6
LY. Sy
La,.é
44,7
44.9
aa.9
4541
4543
45,5
A%, 7
a3.8
45,9
as,8
45,4
as5,8a
4547
45,6
48,3
a5,%c
4544
a5, 4
45,5
45,3
4545

»

FIGURE V-1

(*2)712
(USEC)

a

- b mee s B Bt ek b e b e e b gt bt B bt G e P e B e e e

1.895
1895
1.895
1.202
1 «8u0¢
1.879
1.875
1.8%9
1.857
1.650
1.838
1.041
1.839
1.8306
1.827
a1l
«831
«839
823
<811
<814
«8c7?
«820
ale
+813
11
+B811
.788
«?775
77
«7c1
-1
. 752
«759
e 746
780
«733
«757
748
«751
«743
o723
1732
1727

—

paz (*2)T3 pE3 (e2)T4 pua t*2)7s
‘ (L3EQ) (USFC) (ussC)
34.8 Y2.818 28.3 S.660 22.3 7.396
34 .9 3.7GH 287 S«8EL 22,5 TeH75
385.C 2.8C3 28.48 S.25 23,0 7500
35.6 2.8€0 29.3Y 5.&6%7 3.9 7.58¢
3640 2,773 29.9 S.64C 24.% 7.522
364 7 2,757 30.3 54529 25,2 7.4R9
36 .7 2741 31.0 Se¢61S 29«8 7476
372 ZeT2€6 31.7 S.&6CC 26.0 7453
37.¢ 2.717 32.2 5.582 27.0 7.822
37.9 3,7C5 32.7 §.5848 28,0 7.611
3843 2,687 33 S.528 2d.7 7.389
33.6 ’,;{geA°33. 5.%37 23.3 | 7.374
39,0 3.874 3a4.3 S5.526 29.9 7.352
30.2// 2,643 3a.4 x\N5.5C7 30.3 7.338
39.5 3.6%4 35,0 ‘¥ S.,461 30.9 » 74323
397 2.€679 35.4 .49 231.7 7.326
399 24674 35.83 S48 32.1 T30 4
a0.2 2,669 3640 5,478 32.a4a © 7.30C
40.3 J.E€2 36.3 5,467 32.9 7.299
ac.6 1,637 36.7 5.aa7 13,0 7.2587
40.8 2.639 35.8 5.442 33.4 7.258
4C.8 Ve 2.£50 371 Seda? 3.7 7253
a0.9 2,643 37.a £.430 34.0 7.2481
al.1 2,627 37.7 5.418 3nos 7.225%
al.2 3.£27 37.9 S.®2e 3., 74207
&l o4 2.615 33.2 56262 2Z.1 T1G7
41 . .11 41,3 5,350 25%: 7.189a
41,7 3.600 38.5 S.372 35.u 7.16C
1.9 2,567 38.8 S.343 35.0 7.131
a1 .G 2.576 33.9 §.342 1.2 7.119
~oé.2 2eEEE 3941 5.229 3te.4& 74102
A2.3 3,542 39.3 . $e317 36.7 7.091
42.4 1.%43 39.4 §.310 30.0 7.080
42,3 2,557 39.5 5.219 37.3 7.036
az.s 2,537 39.6 . S5.Z68 37.4 '7.058
42 .5 24533 39.%5 BSe2S4a 327.4 7.05C
42 .4 3.530 39.5 5.373°37.4 7.04¢C
42.3 3,233 39.5 5.283 37.6 7.%%6
42.4 2.827 39,9 5.28C 27.¢ 7,032
4¢3 ~24F14 39.8 S.2€62 37.7 74014
L2,.2 214 39.8 S5.2&686 37.7 7.007
42.2 2,869 39,5 £.22% 27.% 6,974
42,2 :2.469 39,6 5,223 37.7 6.97%
2.0 - 2,500 39.56 5.226 37,777 6.95¢

D8BsS

In.d
15.7
17.5
18,4
183.¢4
19.4
20.8
21.4
22.2
23.0
23.8
28.6¢
25.2
25,8
2545
27.%
27.5
23.3
2387
29.1
29.4
29.9
3C.4
33.6
3l.w
31.9
32.3
32.7
32.¢%
33.2
33.4
3s.8
3.2
35.5
3a.5
3.7
3a.8
33,9
35.3
3%.3
3IS5e4a
35.0
35.3
35.3

~X

in and water dispersions are in evidence at

(=2)76

9.417
9345
9373
9.352
9.320
94325
‘9.29a
V.266
Q.24
9.210
94139
9170
9150
9.13%
Qa.111
9.109
Y095
Qcoﬁl
94057
9.038
9.031
S.068
9,314
9.20C2
8.773
8.950
349250
8.929
8,893
8.3%50
«838
«34S
n&ge
3,837
8.816
8.802
Be.?772
B.777
8,770
8.747
8.733
8.679
8,704

8.5683

D3e

10.C
1C.5
11.¢
12.°¢
13.2
14.2
15.2
16.4
17.%
18.3
19.0
20.1
2C.E
21.¢€
22.3
23.¢
23.¢
24,2
24 .8
25.1
25.7
2e.¢C
2€.c
27.1
27 .8
28.2
28.¢
2G.3
25 &
3C.1
3Cea
30.9
3l.2
Jl.E
31.7
31.%
321,
$2.2
32'é
32.7
32.7
32.¢
32.7
32.7
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o A

f A}
ULTRASONIC RESULTS FOR PMMA-Hg AT 3.4 MHZ., The Y] telaxation is present at~-20°C.

s ' :

N s - .
TEMP TAN O STD DEV VEL STO DEV # (.5)T1 D081 («51T2 o0B2 (.5)T3 ope3 (+S)Ta DB («5)TS DBS ) !
) . {TAN 0} (CM/US) (VEL) dPTs (usec) (USEC) CLSEC) (USEC) {UsEC) . :
: =8le8 0.01144 0,00020 0.,28896 0.(£0080 L] 0,100 49,6 2.433 45,0 4.759 39.9 7.064 34.6 94343 30.3
;9 «78.0 0.01142 0.00020 o;zaeso 5.c0080 8 C.100 49.8 2.434 4S5.3 4.767 40.t T.C748 34.9 9.357 30.5
N - .
) =727 0.0116%5 0400025 0.28782 0.00068 L] 0100 S0.2 20445 45.6 4.7%5 40,5 T.CE6 34.9 94384 30.5
‘ . —67.7 0.01187 0.00022 0.28630 0.00053 5 0.100 S0.5% 2.436 a5.8 4.786 40.5 7.122 34.; 9.433 30.3
% ~60.7 0.01229 0.00030 0.28598 0.00083 s 0,100 S06.8 24452 461 4.8C0 40.8 7142 347 94434 29.9 ’
l -$7.0 0.01250 o.qoo:o 0.28536 0.00054 8  0.100 S50.9 24450 46.4 ‘4.8C3 40.9 7.127 24.6 9.453 29.7S
A “S1.7 0.01297 0.00040 0.28468 0.00074 s 0.100 S1.3  2.472 46.5 4.834 tp-b 7-157 24.3 S.49C 29.2 . ;
<4647 0,01328 0.00040 0.28392 0.00063 s 0.106’—'5‘%.5 2.477 a6.7 4801’ 40.8 T.173 ;.z 9.516 28.8 ?
;A3.0 0.01349 0.00048 0.28359 0.(0070, s 0.100 S1.6 2.481 46.9 4.820 41.0 7.;eaﬁaa.z 9.526 28.5 <
=372 001397 0.0005%50 g.éezba 0.00092 s 04100 S2.0 ‘23502';6.9 4.874 41.0 7.215 3.7 9.557 28.0
ZZ::V «32.0 0.01465 0.00057 0.28214 0,00083 ‘s 0.100 52.; 2.486 47.0 4.878 a0.7 7.228 33.1° 9.567 26.9 —
T =27.0 0.015235 0.0006%1 0.28184 0.C0116 s- T0.100 S2,2 2508 a46.8 4.9C5 a0.4 ;.241 32.6 9.584 2s;a
’ =215 0.01576 0‘.00057 0.28079 0.00088 S 02100 52.3 . 24504 46.6 4.5C8 3%.9 7+258 31.9 9.618 24.9‘
~16e2 0.01590 D.00041 0.27922 0.00114 s 0.100 S2.2 2+540 4S.9 4.951 39.1 7+2€0 312 9.682 24.3 ;
=11.0 0,01613 0.00033 0.27811 0.0C08I S o.ioo $2.2 2+515 4546 4,951 38.7 T«316 30.8 9.70% 23.7 ’ i
. S ~6.0 0.01656 D.00029 0.27780 0.CO0E3 s 0.100" 52.0 2327 4S.1 4.9%0 38.0 7.345 29.9 9714 22.7 . §
: “ -2.7 0.61705 o.ooé:x 0.27594 0.000S2 5 Ce100 51.8 2.540 44.8 4.973 37.3 ) ‘7?374 29.0 Se7B7 21.4
A4¢6 0.0177S 0.00029 0.27433 6.00055 s 0.100 S1.6 2.564 44.2 2.0C0 36.3 7.414 27.7 $.850 19.8
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TEMP
Cl
23.5
195
14.0

€5
2.5
—Re5
=60

=115

~15.0
—20.5
-25.0
-31.0

36.5
—#40+5

7

—a845
-88.5
-5
=570
-53.5
5845
-7&4e5
~80.0
-8s,0
=395
-9a .5
-08,5
~104.0
~110.%
~-118.0
~-1248,0
-127.5

137
- ]=1a1.8
-146.5
-157,0
~163.0
=167.5
=172:8

E

~133.0

ad

Tan D

O0.01868
0.01412
0,01 345
0.J1254
C.01408
C.01289
0.01202
Q.01134
0.01077
Q.01 024
Q.C0932
0.00855
0.00812
0.00759

000712

G.00678

S 0.00638

0.00598
0.00S5a0
000507
Gs00442
0.00453
¢.00430
0+00391

0.004351

0.00329
0,00290
0.,00248
0.00222
0.00202
CyCOLYTY
0,0013a

§°¢.00178

0.00169
0.0016S
0.00160
0.00156
C.00143
0.00136
0,00145

o v o 2 i s

~

L

STD DEV
(TaN C)
0.020C0
0420039
0,00C00
o.0coée
0.00074
G e00C0OE8
0.09085
C,00059
0.000¢]
C.0CC27
C.00028
0.00016
C.00909
0.000CS
0.00004

0.0000a

0.00003
0.00%03
0.00003
0.00005
0.00006
0.00007
0.00004
0.0C005%
0.00005
0.000¢%
0.00004
0.00006
6.000D08
0.N0C0C%
0.0000%
C.00028
0.000138
0.000Q5
0.00009
0.00009
0,00009
0.000%6
0.300C7
0.30000

(Tan 8 has been

vEL
(CM/US )
D.25¢e6s
0.25814
0026272
0.26118
G.260a¢
Qa2€ 350
0.2€ 429
0.260H28
D.2€6787
0.24950
N.26 909
0.20812
Q.27231%
q,zﬁﬁoc
0.271357
Q2744

7424
0.27€612
0.27668
0.2772a
0.278c6
0.27889
0.2792%
0.28013
c.28¢03
0.28101
0.2815%
0.28119
0.28190
0.28¢30
0.28289
0.208389
0.28a71
0.28452
0.28%99
Q28827
0.286/45
0.28765
0.28831
0428599

.
Togze g s = v e -

peak thought due to bonding agent (3-chloro
calculated from the first two peaks only,

STN CEV
tveEL)
C.0%C 00
C.COCCO
0.C0C0C
0.8QGCO
0.003CQ
0.C0zZ 26
0.C0182
0.0C234
0.0C117
0.00Cc48
0.CCC 00
C.OO!Si
0.CCO3Q
0.00034
C.cCCO17
0.03039
C.0C05}
0,C0020
0.00017
0.00033
0.C0017
0,00020
0.,00029
0.00018
0.00n21
0.0%918
0.00Q0010
0.0004a7
0,0003¢
0% 000 33
0.00C27
0.0C0a6
0«00027
0400033
0.00326
0.03028
0. 00000
0.00026
0.000136
0.00C27

-

HOO B LALLM OO NADAORD & PWWWWWND NVNNON R

CeS5 T1
(USEC)

0.100
0.100
€100
C.100
C. 100
0.100
0100
0.100
0.100
0. 100
Ceal00
Cal100
€.100
€.100
€100
C.100
C.100
0.100
0.100
C.100
0.100
Cs100
C.100
0.100
C.100
0,100
¢.100
0.100
Q. 100
Q.100
0.100
0.100

‘Ce100

Q.100
0.100
C.100
0,100
¢.100
Cs100
¢.100

FIGURE V-3

ULTRASONIC RESULTS FOR PMMA-H8 AT 13,0 (+0.1) MHZ:
~~-560C, with a

.

DBl . 0.% T2 [EBR2 Cs8 T3
USEC) (LSEC)

ac. L 1.830 17.2

20.86 1.823 23.4
424C 14790 25.9 ¥

43.4 1.800 28,3
44 .4 16770 26.3 2.510
a5.5 1e810 3J1a7 2.a7c
4S54 1.760 22.e 2.2e0
4K,9 1.780 3a4.¢ J.410
&7,7 1770 35,2 3,415
48.5 1.750 37.4 2,405
4941 1.7:0 29.¢C 2.ace
S0e4 1.730 41.1 2.380
$51.7 1735 ¢3.¢C J.37C
5243 1720 44.C 2,360
53,4 1.720 as.s 2.350
s5e.0 1.220 46.5 2.350
52.7 14710 a7.4 2.350
55.4 1.710 48.% 2,320
56842 1.710 S0.2 3.310
S6.8 1.695 51.4 2,308
57.5 1,090 S2.3 2.250
S8.3 1.690 £3.3 J.280
58.8 1.680 £3.9 280
59 .4 1.660 S54.9 2.270
59.9 1.675 S6&.C 32.260
60.5 1.675 €6.9 3.z285
&1.0 1+680 S7.7 24255
62,4 1660 594 Ja24%
63.a 1.665 €0.8 2.240
€3.5 1.660 €1.0 2,235
.63.8 l1e6t0 €1 .5 2s240
€aA.0 L 645 61.7 2.220
64.5 1.655 €2.2 1.215
64.5 1.650 €2.4 3.210
649 1e64% 62.8 2,200
65.0 1:660 €249 2.2¢C0
65.4 1.650 €3,3 2.2¢0
658" 14535 €3.0 2.180
6445 1.030 62.7 3.1€68
661 1 +655 6a.S 2.205

CEJ

10.4
1a .7
17.0
20.3
22 .4
25.0
27 .9
3Cc.a
33.a
35.0C
37.C
38.5
39.8
4146
44.8
45 .3
456 .0

a7.7
48.9
£0.3
51.8
52.9
£a.2
56'5
$8.0
S8.6
59.0
59 .4
60.0
60.a
60.7
60.9
61-5
£1.4
6.1
6249

0.5 T4
{USEC)

$5.Ct0
5.0
S.C7C
S.CCC
4.92C
4.G70
425c0
4.580
4,520
4,520
4.510
4, 8¢
&ep0C
4.£70
4,850
4,845
4 .8235
84620
4.820
4.€15
4.8C0O
4.8CS
4.7¢5
4,770
4775
4.7%0
4.750
4,750
4,730
4.71C

S S

e el

- O
in un
N0 -t
~ N

« o0

CC IACCTaTN~NOW
e e o o o

Noe > uc)ubtw/p(ro

(o en (R RN MR N

A 72 relaxation is possibly present at

propyl benzene) appearing at~-850C,
for consistency.)

205

14.4

17.5
20. 4
23.1
25.5
28.2
n.r
3w .0
3Set
33.¢C
345
Al. Yy
44 .0
AsS .S
48.0
S1.3
$3.¢
s5a4.95
55.1
59.6
S6.06
57.0
57.7
S8.0
58.¢
S8.0
S8e0

N\

TAN O

CALC.
FROM
TWo 15,
ONLY

0.01276

0.01139

0.01405
0.0098¢
0.00972
0.02 350
C.00864
0. 00 go05
Ce 00 75§
0.00 723
0.00 688
000 653
0400 640
C. 00605
0.00626
Ca 00478
002462
0.07444
000438
Cen0402

0.002S0
c.00323
C.N0295
Ve 00174

0.0023%
0.00126
0.00 20§
0.002]0
G.00 209
0.0019)

0.00192
0.00 192
00019}

0,00 166

0.00 I66
Q.00 4§

ok W
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(V-5)

Q

H

o FIGURE V-4

o

ULTRASONIC RESULTS FOR PMMA-Hg AT 130 Miz. A Y, peak is present’at !

~=1°C .and the water dispersion is apparent at~+34°C as a local min- |
imum in the db level of the second echo, (Tand has been calculated from
two peaks throughout.) - '

4
. -
.

- Hat

7 SRR S SR ey :
. ) L
=54 .8 0,00715 04100 51.6. 1.760 42.8 32,9 24,8
Al + o -
~50.5 0.00739 ° 0,100 51.5 1.762 4204 35.5 23.8
=46.0 0.,00774 0,100 50,8 1773 41,2 /37.3 22.17
=81 «7 0.00 504 0,100 50.2 1.778 40.2 39.8 22.2\ \
~385.8 0.00 864 0.100 48.8 1775 38.2 43.5 20.0 \ ’
~32.7 0.00 907 €100 AT.7 1.781 3644, 49.4 15,4
a
~2940.0.0094% ¢, 100 468 1.792 34.9 51.5 13.8
© ~28.1 0.01018 0,100 45.8 1.797 33.0 53:0 12.2
~21.0 0.01076 0.100 44.5 1.793 .0 o
~17.3 0.01143 Co 400 43,0  1.800 28.6
~14.3 0,0120] 0.100 41.8 ) 1.808 26.6 ¢ !
=107 0:01278  0.100 40.3  1.800 24.2 .
- -s.0 0.0133] 0.100 39.1 ' 1.813 22.2 )
~5+2 0.01404 " 0,300 38.1 1.810 20.3 ! :
=3.0 0401443. 0,100 37.5 1,820 19.1 - , ‘
-1+0 6.01471 0.100 36.9 1.825 18.1
‘ 1.7 0.01508 04100 36.2 - 14818 17.0 \
‘ 5.0 0.01577 0,100 35,0 1837 1447 ‘ )
6‘7 0,01604 00100 34.6 1,833 14.0
Te+7 0.01642 00100 33,9 1.826 12.9 ‘
10.0 0.0170%¢ 0,100 33.4 1.821 11.7 ' ?g -
| i3 0.01713 0,100 32.8 1.841 10, ‘
1520 0.01791 0.100 32.4 1.825 9.5 .
18.0 0.01796 0,100 31.9 1,865 8.4 !
20-7f 0.01657 0,100 31.1 £.645 6.7 )
24,1 0.01959 02100 30.0 1.813 5.0 ’ )
| 2740 0.02052: * 0.100 28.6 1,810 2.6
. 293 0.,02149- 0,100 26.9 1.770 0.3 - ‘
1‘ : |
’ , v
N ! *
- " UL e A o 2R Ml s o e e i St o
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- ~ FIGURE V-5
ULTRASONIC RESULTS FOR PMMA-Hg AT 18.5 MHZ, A
a hint of the wa?er relaxation is evident at
¢ i ’
TEMP TAN D STDO OV VEL ST DEV [ (.5)T1 o081 (.5)T2 ¢cpe2 {.5)13 CE3
(cy (TAN D) (CM/US) (v ) PTS (USEC) fUSEC) * (LSECQ)
-118.0 0.00260 0.00008 0.,29614 0.00059 5§ 0,100 48.3 1610 44.€ 2,116 4048
= 11560 .0.00267 000003 0+,29636 .0.00035 5 04100 48.5 1600 44 .7 2.1€8 a0.7
=112.0 0.00275 0.000CS 0.29592 0.00056 5 Ce100 ag.1! 1.612 44.3 24117 4042
=108.9 0,00288 0.00008 0+29561 0.00040 5 C.100 &7.8 1.613 43.7 3;[11 39 .4
=108.5 0.00303 0.,0000%5 0.29519 0.0CCS2 S 0.100 47.3 L.éla 42 .9 2.128 38,5
*.31e7 0200328 0.00005 0.29889 0.00066 5  0.100 46.7 1.621 4241 2,138 37.3
—98.1 0.00344 0.00002 029386 0.00043 L g Cs 100 46.1l 1 625 &1 .0 2.135 3.8
—=9822 0.00370 0.00008 0.29326 0.C0060 S 0.100 45.5 1.623 40.1 2.146 34.5
-90.4 0,00396 O.QQOQA O0e29321 O.bOOOS 5 é-lOO 45.0 1627 39.3 J.14t 33.2
«86.9 0.00815 0.00005 0.29218 0.000%} s Ce k00 24,6 - L.631 38.7 2,187 32.3
=83+9 000434 0.00005 0.29168 0.00366 s C. 100 aa.,3 1.634 38.1 J.167 31.4
-80.8 0.00455 ba00036 0-26163 0000 3% s C.100 44.¢C 1531 37.5 2157 30.5
~77.6 0.00505 0.00008 0.29124 0,.00051 5  £.100 4a.0 1.640 36.9 le168 36.2
~74.8 0.00537 000010 0.29935 0.00049 < C. 100 43,9 . 1640 36.€ 2,172 28.4
=71e6 0.00561 0.00011 0.28931 0.00056 1) C.3100 43.7 1647 35.9 2418772748
=858.4 0.,0059% 0.00010 0-22}7! Q.00010 5 0.100 43.2 «647 34 .9 .17 2%5.8
'S —_— ]
: - VAR LLADLLPIAWWWWWLW [
wrﬁ?ﬂ@g&N#9¢@@?P9‘“i
SoyNLNOOULwuONDON= A
. o ) [ ’
. NRREWELBAPROOOG D |
PRl abuduo gl
- -~ ]

(5074
{USEC)

a4.€11

d.EET
4.£&78
a.€2¢C
Qe€EES

éi.vcc

o712

DBa

i
S

-

~

[
o
.

3

i
“m

.
0

w
>
.

0

33«7
\
2.1
20.a
286"

27.0

(.5}7S
tusec)

€.09¢

6.118
§.132
©.147
- GelS5 &
6.158
6.&50
6el31
€.193
€e2CC
6.216

64261

62274

tand peak (labeled ¥3) may be present at ~ —92.5°C and
~ +42°C from the db versus temperature data, -

0.4

28.9 _

271

25.2

23.0

20.9

19,3

17.0

165.2

13.1

1l1.4
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| o FIGURE V-6 < ' K
. ULTRASONIC RESULTS FOR ~ ] ‘ | | N
PMMA. H8 AT 20.0 MHZ. The Yl relaxation —~

%
AN

is apparent at ~ -;!.OC as a local db minimum.

. o ’
w
' TEMP DH1
. (Cc) —
’ ) - =33.0 37.%
) . -2961 34.3 iy
~2% ¢ 3645
| \ i ~21.1 352 ! ’ ‘ "
L ' -1%,7 32.8
" -l1,.4 306
» ~Be5 29.3 \
-€ .9 213 .3 ‘
r 3.4 27.2 K
x ) -1 .0 2€.2
\ 2.2 2a.8
.1 23.7 ,
T 7.0 22.9
( . 9.5 22.5 I “
' . . ) 11.1 21.8 . )
- % 1 12.9 21.¢€ ’
y .&« ) 1449 20.3
‘ 17.2 19.2 | .- -

19.5 . 13.8
216 17eF
.\\r 22.8 ‘?-O
} : 25.3 15.8 :
' . 2845 14.1 ) ‘
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TABLES OF SUPPORTING DATA FOR FIGURES IN THE TEXT
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B > Figure 4, Chapter I, page 15. Data for Methyl Chloroform (from Dasu.)
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1 "‘

5
: Lo log v, | 1000/T

: .
¥ . \ (Hz) (°x)~1

6.2 | 5.0 :

0 - *

i

¢ 5.8 .2

13 5-6 ,5.5

1 ‘ 5.4 | 5.8 . ‘

{ °
: 5.2 6.1

fl I

§ ¢ v 5

g . ‘ 5.2 | “6.5

! .

i - 4.9 7.0

i - ) %.7 ] 7.4 -

‘?, &
b 4.4 | 8.1 .
? {f () " . .

! 4.3 8.8 \ ;

{ ; .
. 4.0 | 9.7 '

o ’ ’
' . - . 3.8 10’7
§ ’ , 3.5 12,0
|7 .
. .




Literature Data for the Backbone Methyl Relaxation in Conventional PMMA

° Figure 9, Chapter I, page 33 -

. . (The pointg for thea, 3, 'H20', and § relaxations have been taken from McCrum, Read and WilliamsZ
S - and McCall®, and need not be repeated here.) .
‘ 3 NMR POINTS DYNAMIC MECHANICAL POINTS
log v. | 1000/T | Remarks [Ref.. log v.| 1000/T| Remarks | Ref,}j logv }|1000/T| tand Relax. |Ref.
. (#z) | (°x)-1| - (#z) | (°x)~1 -l - (Hz) | (°k)~1 | peak ht.| strength
; - . . g <
7.51 3.6 : 6 § 5.35 | 4.05 [ lineh] 34 1 7.0 |~4.0 |.~0,003 | 47
i widt X ~ fhint of]
1.33 3.84 T;-min 65 | 5.2 4,2 " " 7.0 ~4.,55] -0.03 L Infd., Ji©v -
7.6 3:8 |7 163 ] 5.0 4.45 " " f 6.48 | ~6.2 | ~0.003 |}~ _ [lé1
‘ 7.5 4.0 [ " <0.17 64 | 4.85 | 4.65 " v 1 6.48 + ~4.8 | ~0.001 "
- monomer 4 ~ § 4,65 4.85 " " 6.7 6.06 /T 49
. ~4.,7 ~6.3 —Tlp min _ 66 4.5 5.1 ; n " 6.7 6.66 slope t
. ~4.6 6.020.5]line widtH) 62: } , 4 5.35 " " 6.0 6.80 changes|| "
. 0.2% Hy0 4225 5.7 PR » 6.0 7.40 "o
— - present 4.1 6.0 " v 6.2 4.1 - 62
. .. b k.58 [ 16405 6.35 " w, {f 5.8 4.7 ; o
4.8 75.9 "1 3.8 6.75 " " 4.1 6.65 oy
e 4.4 .| 6.2 "1 3.6 7.2 " " 3.35 {7 7.6 "
’ 4.4 | 6.7 "1 3.25 | 1.75 " " | 3.844] 9.097 ~0.0002 | ~1/1000 | 56
.2 6.7 ") 2.8 8.4 " v §3.83 ] 6.25 {-2/1000 | "
-, 5.8%0.3{ 4.0 Jjline width|31 ) 0.0 7} 10.0 | 59
© 4,75+0.1} 5.0 " " N - :
=z a.3 § 6.0 1] ” [ W °
3.95 | 7.0 , " _ -
3.75 8.0 " " . .

(Z-10)
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" Figure 14,/ Chapter III, page 57 N
N ' Vibrating Reed data for free-radical PMMA~-H at ~565 Hz. (f,.yaried from
¥ . 567.0 Hz at -197.8°C to 562.7 Hz at -139.4°C. : -
? i’ T(°C)' R E'x10-10 , ' T(oCc) tand x103 »
K ’ / ' (dynes /cm?) - - ’ 7
: ‘ " -19§.8 - 6.391 #196.0 | 1.94:
W o -193,0 6.389 T " =191.0 « 1.81
1 , —i}?}:q ‘ 6.384 -188.2 ‘ 1.83 :
& K ~189.7 6.380 - -186,.0 ‘1. 86 ‘ . 8
o C e e —187,5 ‘ 6.382 -183.0 ©1.85 :
: R 186.8 6.382 -180.3 1.79 T
1 v ‘glaa.a , 6.380 a -177.6 1.85
! £183.7 " 6.3 , ~174.8 ©1.89
{ J-182.0 6.369, , 17201 1 L.92
. 1T i-181.5 6.371 -168.8- ) 2,00
e ©F =179.7 6.366 © o -164.2 L1 2,14
’ ‘ ~178.5 ‘ 6.366 ' -161.5 L12.264
| DRI S b & Y 6.369 ~159.0 2.36
. el -176.4 6, 364 -154.9 - 2.42
N P f ~175.7 6.364 ~150.3 2,40 ‘
L ¢ ~174.2 6.362 ’ -147.4 2,56 ;
o -178.0 6.362 L =143.8 ¢ L2.74
1} / -171.3 b 6,360 - . -138.2 ©2.97
e /" -171.0 . 6.362 . |- -135.5 . 3.05
e/ ~167.8 ©, .  6.360 -133:6 " 317,
. -165.7 ’ 6.353 - . =132,0 3.0 ° Lo
.k -165.2 6.355 ~130.1 : 3,48 - ,
foe v 2163.3 6.351 - | , . . f
' -162.2 . - 6.353 y ‘ -
-160.7 - .- . .6.348 : ' - : ‘
~160,0 , 6. 344 ' T
- " ~157.8 , ‘ 6.337 K ‘ ) |
, o —157.2 6.339 P . . .
© Y, ~156.0 6.331 . ° . :
. ~153.8 ' 6.326 , 4
, -152.5 . & 6.324 : ( ' .
, ~151.4 ., 6.319 : g
T =149.3 6.319 - . -
. -148.7 6315 ) : - g
, ~146.3 6.308/ ‘ ' : .
~145.7 " 6.306 ' o f : .
v -142.0 . ¢ 6.301 '
. =138.4 ‘ 6.295
v . )ﬁu"Q .
. ™ " -
o ",
e
e e ¥,
/:, ' ’ B ‘f\‘ ’ m ’ ' o

\

m ,"é“‘ B S BT T T wm o
AN éﬁr‘é’%‘m‘} 5y 4 ‘ LSRN ¢?‘ e %7@&@”%&"’ Y %ﬁ? St M




e e aesnt dus et it A S a A9 a hal

B Ay RN AR b i 4 SRR AR s mb L i b Coem R - RO by

. (VI-4)
", ‘ .
{ . Figure 15, Chapter III, page 59 )

Vibrating Reed Data for PMMA-Dg at ~340 Hz. (fo varied from 548.96 Hz at
~198.6°C to 536.52 Hz at -109.69C.) ;

e

T E'x10-10 T . tand
) (oc) . (dynes /cm?) . (9C) x 103
, =198.6 7.61756 ~199.5 , 0.787
~196.4 7.6694 . =197.2 0.835 ° g
-194.1 ~ 7.6633 ~195.1 0.832
oo -191.2 7.6549 -192.6 0.802
-189,0 | 7.6485 e -189.8 0.839 :
~-186.0 - - 7.6418 J -187.2 - 0,852
/ -183.1 . - 7.6342 R -184,3 0.891 :
-180.0: 7.6214 ~180.8 . : 0.334
-178.0 - 7.6156° -178.7 | 0.939
. -176.5 e 7.6097 -177.0 0.937
© - -174.9 7.6041 . -175.5 0.942
-173.0 7.5983 -173.7 '0.938
-171.7 7.5936 ’ . -172.3 e 0.961 |
-170.2 7.5900 -171.0 0.993 ,
. ~168.4 o 7.5838 -169.0 - 1,04 . o
g '=166.4 ( 7.5788 -167.2 1.03
-164.0 .~ 7.5713 + . -165.2 , 1.08 ’ ) !
-161.2 7.5613 -162.2 » 1,08 K}
o -159.3 7.5541 -159.9 1.14 '
\ ~158.0 7.5483 ' -158.4 1.20
~— -157.3 & 7.5458 . -157.5 1.22 - -
-156.6 - 7 7.5430" -156.8 1.22 o,
-154.8 7.5383 © ~155.9 1.24 ,
-153.0 7.5347 -153.8 g%- 1.30 . '
~150.5" 7.5231 -151.7 1.32
-149.0. " 7.5181 ~149.6 - 1.34
 =146.5 . 7.5076 | -147.6 1.41
-144.2 ot 705012 -144.9 : 1.50
-141.3 7.4899 -142.2 1.58
. -138.0 7.4753 - -139.3 - 1.64
e -135.9 7.4670 -136.5 © 1,78
-132.3 ‘ 7.4499 -134.0 1,81
~127.5 7.4304 =130.4 1,93
~125,2 7.4188 . -125.8 2,16- 1
~122.9 7.4084 o -123.8 2,32 . .
. -120.8 7.3963 -121.6 ‘ 2,47 )
-118.1 7.3776 ' ~119.4 2.67 i :
-115.5 7.3650 -117.0 - " 2.83
~-112.2 .7 7.3459 | -113.9" 2,85
-109.6 7.3316 -11Q.5 L3002 -
, -108.0 3.16 ’
: |- -103.5 . 3.39
E , -100.0 © 3,65
- 95.5 ! 3.95
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¥ - Figure 16, Chapter .III, page 63

" Acoustic Data for Free-radical PMMA-Hg

A - Optical Vibrating

O~ Acoustic Spectrometer

o- Piezoelectric. Vibrating

. Reed ( ~270 Hz) (1240-1424 Hz) | _ © = Reed (946-1112 Hz)
: T E'x10-10 T E'x10710
T(oC) " tand x102 )(°C) (dynes/cmz) N (°C) (dynes/cm?)
-120 " 0.48 26. . 4.14 N | 2. 3.76
-113 0.51 12, 4.37 13, 4.04
-107 0.59 -9.5 . 4.62 5. 4.16
-104 > 0.62 =37, 4.90 =4, 4,31- ..
. -98 0.67 -47. 5.12 — ~13.5 0 4,45
) -92 0.79 -~ =59. . 5.20 -23. 4,55 g
-85 0.92 -66.5 5.27 -33.5 T _4.64 v
-79 1.01 -73. 5.27 -48, 4.84 <
-72 - 1.12 -78.5 5.35 -54. 4,91
___—64.5 1.21 -88.5 5.36 -61.5 4.98
-57. 1.31 -98.5 5.39 -75.5 5.09
-51. 1.50 -116. 5.42 -93. 5.20 —
-40. 2,06 -134 .~ 5.45
-144,5 5.45
t "7 h .
/ ’ \ | | A]
.

L
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3 Ultrasonic Data for Free-radical PMMA-Hg at 8,4 MHz. .
o - /*‘ i ’
3 ) - Y
. . .
s} o - ‘s ——
y V ) id 2 - A - - )
" . < ) . . ’ N -
? TEMP  TAN D 3TO CSEV VEL  STD pav £ («5)T1 pB1 (.5)T2 DEBE2 («%)T3 CE3 (+5)T4 Dea -
: tcy (TaN ) (C4/7US)  (VEL ) PTS (U<EC) v~ (USEC) : L s=c) (USEC)
' : 25.5 0.01485 0.)19017 0.27112 C.0017& e 0.100 %0,.2 2.811 32.4 £.080 16.4 7.25C =0.3
Fo 2043 0aD1459 C33017 0427194 0.00147 At Ca100 S0.7 2:#00 23.5 LeCSa 179 Ted7C. 1.2 ’
' 1640 Co01402 0.00013 0,2721C 0.CCOEB Iy Ce100 S1.9 2.581 3S.4 £.018 20.3 7.471 &.c -
€« . 12.0 Ce01365 0310007 0427317 0,COCT77- & C.100 S2.8 2,578 37.C - #.96f 22.1 7.884 6.8 .
8.4 0.0133F 0.700C6 T.27882 C.CO0u70 4 0.100 €3.6 - 23555 38.4 4,962 24.0 7.4CC B.G <. ‘
. 443 0.01303 0.000C8. 0:27A34 0.00091 Py 0.100 S4.4 2.551 39.8 4,588 25.8 7.3€6C 11.0 . - e
~0e3 C.01246 0.000C6 0.276844 0.00100 4 €»100 S55.0 2.53% 41.0 4.505 27.4 7.3C7 13.2 = |
=422 0.01266 0.000C8 C279Ra 0.NC10s6 L S C-ll‘OO 535& 2528 4] .G ‘.-890 28 .0 T«27€ 13.0 -t
; ~8.3 0401211 0.)0009 0.28124 0.0C136 e 0.100 S6.C 2.528 42.8 - 4.8€% 29.9 7237 1€.4 - &
=12.4 0.01169 0.,00011 0.28298 C.CC121 4  0.1C0 S6.7 ° 2.500 4431, 4.848 317 7.187 18.7 ~ ~
_ . =16.3 0.01120 0.00013 0.26421 C.00145 4 0.100 S57.1 2.495 45,2 £.,834 33.3° 7.158 20.9
; =20+% 0.01059 0.00017 0.2R507 C.00171 4 04100 S7.0 2.490 86t 4,830 35.0 7.121 23.2
a ~24.7 0.01024 0400015 0.28627 0.C0177 a C.100 58.1 2.478 47.5 4.B13 3€.5 7.1CC 5.3
! =28.9 C.00990_0.00018 0.28726 C.0C173 4 0.100 58.4 2.465 a8.3 4,797 37 .7 7.C74 6.8 -
=33.0 0.00948 0.,00018 0.28803 0.0CI38 4 0.100 58.8 2.451 4942 4775 351 TeCic 28.& -
o =38e3 Co00919 0.,00018 0e28833 C.0C130 4 0100 S9,C 2.447 46,8 4,788 36.% 7TeCuS 2%.8 -
- - N
+ ” - - - - )
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{ ) Figure 18, Chapter III, page 68 7 . .
| ¢ ‘e -
h Ultrasonic Data for Free-~radical PMMA-Dg at 13.4 MHz. .
(Upper data set - O ; lower data set — + ) , .
’ \
, oo
. Ve
: . : '
TEMP  TAN D ST DEV  VFL  STD DRV ¥ 0.5 T1 DBI 0.5 T2 0D2
() (TAN D) (Cv/US) (VL) PTS (Uu4iC) “LUSEC) .
~26.2 0409822 0.00900 0.£6412 0.CICO0 2 04100 61.6 1.80) 51 .4
-22.2 C.00A21 0.00000 0.24142 0.003C0 2 0.100 61.1 1.819 50.8
-19.6 0.00844 0.0C000 0.Pa2%S 0,€)000 2 04100 A0.3 T 1.811 laa.s
=17.1 0400886 '0.00700 0.24397 6.CICOI 2 0.100 5Y.4 1,801 48.4
-15.4 0.00938 0.00000 9.24397 0, ()00 2 0.100 592 1.801 47.6.
~13.9 0.00942 0.0CC00 0.24397 0.(3CCO 2 0.100 58.7 1.801 47.C,
~12.0 0,00959 0.00D09 0.2£226 0,03000 2 0.100 £871 1,813 ae.1’
~1C.5 0.01008 0.0N000 0.24142 0.030C0 2 0.100 S7.5 1.819 45.0
=9.5 0401038 0.,00000 0.24198 0,('0C0 2 04100 57.6 1.815 4448
~8.0 £.01064 0.00000 0.24255 0.00000 2 C.100 57,2 1e811 3.9
~6e4 0.01134 0.00000 0.26542 0.€20060 2 0.100 £7.2 1.791 43.2
-5.5 0401140 0.00000 0424360 0,COC00 2 0.100 57,0 1.805 42.8
~4.2 0.01179 0.00C00 0.24312 0,CCOCH 2 0100 54.9 1,807 42.2
=3.2 0.01206 0.00000 0.24369 0.()000 2 0:100 56.7, 1.803 a1.7
~242 0401216 0.00000 0.24397 0,¢5C00 2 C.100 56.5 1.801 44.4
-~0.8 0.01235 0.0C000 0.244£9 0.C C 00 2 0.100 S6,2 1.796 80.9
047 0.01260 0.00000 0.24644 0.CCC00 2 0.100 55.8 1.786 40.3
2.0 0.01265 0.00000 0+24732 G,0C000 2 €.100 Ss.8 1,778 39.5
3.3 0.01285 0.C0000 0.24a684 0.C7000 2  0.100 55.0 1.78% 39.2
.0 0401297 0.00000 0424857) 0,COCCO 2 0.100 54.4 1.789 3844
; 6.3 0.01315 0.,00000 0.24441 0,CICCO 2 C.100 S4.1 1798 37.&
; 7.8 0401355 0.00000 0.24732 0.C0000 2  C.1C0 53,8 1773 36.9
; 9«4 0.01372 0.,0000C 0.24455 0.CIC00 2 04100 52.8 1,797 35.8
1« 10.5 0.01390 0.C0CCO 0.2£3&4 0,(MC00 2 04100 52,3 1.804 35.0
: 11,3 0.01405 0.00000 0.24198 0.00L00 2 04100 52.C 1.815 38.a
% 13.2 0.0145a4 0,00000 G.2a484 0.00500 2 04100 50,9 1,795 3249
- . .15.1 0.01%02 _0.00000 0.24880 0.CA0C0 2. _0.100 49.7 AT68 I1 .4
H
t .
i v
o - . TEME  TAN D STD CEV wiL  STL nev 4 C.¢ T3 ©Bt  0.5'T2 Due L
: : ) (TAN D) {CY/US) (VL) PTS (USHC) {USEC) cod
’ “153.3 €.00130a 0.€0220 0425556 0.CICCO 2 0,100 59.5 1.724 5E,.§ !
9845 0,00299 0,001790 0.27 ¢M9 6,0 GO 2 €.100 £9.¢C 1703 £€.§
=9L,7 C.00316 C.C0CI0 ©.2' 91 0.,00CCO 2 0,100 £9.1 1,701 £5.4
. =50.8 0.00323 0.30200 0.25744 €.CCCCO 2 0,100 £9.C 1.712 €%.2
~85.9 0.00321 C.2C0N0 0.2' GOI 9.CCU00 2 C.170 £9.C 1.721 tS.¢
‘“H1¢0 C400339 0.00C30 0.2%-K1 0,C70Q0 2 0.100 5941 4 14715 S£.1
~77.0 €.09362 0.00CN0 0.2t 491 0.CIC00 2 0.100 59.2 17268 £6.9
=722 0,0D381 C.C7070 0.25C7¢ 0.(3000 2  6.,4077%9.2 14755, 54 .6
-68.5 0.,00400 0.00000 0.25278 0.€0CCO 2 0.100 59.6 1.785 54 .8
64,0 0,00517 0.C2020 0.25289 0,09CCO 2 0,100 61.8 1.781 €543
~60.2 N,00581 0.C5300 0.28821 0403300 2 C.00 £3.2 1,772 648
~56.9 0,005%0 0,00500 0.28980 0.CIL0O P C.100 £3.9  1.768 =74
=33.7 C.2057% 0.C0030 0,2¢4B0 0.CICO 2 0,100 Ka.n 1:768 €740
5042 0.00579 0409090 0,28717 C.C(C00 2 €.100 64.a 1,775 57.3
~86.9 C.00587 0.00000 0.2506C 0% CNCEO 2 0,100 #4.2 1.756 £741
, ~43.7 C.00A0S 0,00900 0.2877¢ 0.C0000 2 0,100 €4,1 1,775 5647
| 6143 0.90589 0.09000 0.2889& 0.¢ ¢ 2 £.100 &4.2 14767 £6.3
% ~36.2 0.00708 0,(7900 0.2¢3%7 0.C~C( Q0 2 6.100 €4.0 1,801 £5.2
i ~32.8 0.00788 0.C2730 0.,24629 €,C0000 2 C.100 €346 14785 £4 .4
~30.3 0.00762 0.C0000 0.24058 0.€C00 2 0,100 £3.2 1.825 £3.¢
~2842 0,00794 0.00000 0.24369 0,€0C00 > 2 Ce100 62.8 1,803 2.5
“2642 0,00813 0.0000C 0426156 0,03C 00 2  C.100 €2.C 1.818 S1.8
g .=23.1 C.008356 0.C0090 0.24162 0.CCLOD -2  C.100 tl.6 1,819 1.1
5 =21.4 0.00875 0.00000 0.23892 0.(2000 2 0.300 tl.2 1,037 S0.1
i =194 0.00892 0.00000 04pel28 0.030C0 2 €.100 60.5 1.820 49.3
. : '
{ . o
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FREUUENCY = 3,7

TEwp
- - tc1

TAN D

\ 27.5 0.01266
24.5 0.01234
s *21.9 0.00998
18.5 o:L|o1o
18,8 0.01038
& 11.3 0.000%8
9.8 0.00974
6.5 0.00937
3.7 0.00878
1.0 0.00878
~2.7 0.00868
~%.3 0.00048
~9.0 0.00796
~13.0 0.,00787
=15.8 0400760
' =178 0,00723
~19.2 0.00705
=22.0 0.00605
-2%.2 0,00683
. -28,0 0.00628
~30,3 0.00617
«33.0 0.0060%

=36.0 0,00607

~39.0 0.00878

STO DEV
{TAN D)

0.00068
0.00075%
0.00042
~
0.00014
0.00018
0.00009%
0.00008
0.00007
0.0001)
0.00004
0.00007
o.o;ooo
0.00001
0.00008
0.00011
0.00003
0.,00002
o.ooOG}
0.00006
0.00009
0.00010
0.00010
0.00016
o

0.00007

=42.0 0.n70834 0.0000%
~47.0 0.00523 0.00C04
=513 0.006487 0.00004
- =88.0 0.,00478 0.00008

=61.0 0,00452 .0.000

«-83,5 0.00a 0.000¢C0
- ~T0e3 0400413 0,00010
=7%5.%, 000404 0.000008
«80.,8 0.00386 0.00007
-85,0 0.00382 0-00060
’ ~906.,0 0.,00372 0.,00008

«98.7 0.,00361 0400000

«99.3 0400333 0.00007

=108.8 0,00314 0.00007
-IDO-O‘OoDOJIS 0.00006
‘ -116:0 0,00309 0.00004
=1§6.3 000270 0.00008

=120.5 0.00252 0.00000

T Y

vrb
(Cmrus)

0,26344
0.2¢273
0.,2%40%
0.25937
0.25797
0,26238
0.26348
0.25958
0.2¢392
0.26136
0.26448
0,28%14
Q.zoasr
0.20749
o.ze;oe
0.26876
0.26688
0.26765
0.2¢804
0.2¢778
o.:aalo
0.2¢ 944
0.27191
0.2708¢
0.271¢9
0.27282
0.27373
0.27406
0.27618
0.27630
0.27716
0427019
0.77040
0.27977
0.28087
0.28096
0.28266
0.283%8
0.208330
0.28482

0.285830

/,

‘Figure 19, Chapter III, page 69

NHZ

STC DEV
(VEL )

0. 00386
0.CC297
0.C0131
0.00009
0.0028%
a.o0c2it
0.00178
0. 0236
o.oontﬂ
0.00047
0.00134
0.00100
0.00018
0.00079
0.00027
0.00018
0.0C0%8
0. 00082
0.000582
0.00019
@.00021
0400053
0.00087
0.00026
0.00c07
0.000a0
0.00037
0.00041
0.00023
0.00018
0.00038
0.00043
0.00036
0.€003%
0,000
0.0004)
a.,000%y
0.00032
0.00023
0400044

0.00036

0428273. 0. 0C000

2 (5T
PTS tuseC)
3 0.100
k) wf.loo
4 Q.00
3  o.100
4 0.100
4 0.100
A c.l00
L) 0. 100
a D100
. ) 0.100
3  6.100
4 G.j00
4 0.100
L} Cea300
4 ©.100
4  O«l00
. 0.100
4 0,100
. 0«100
3 0.100
L} CelCQ
4 ce.100
.4  0.100
3 C.100
LY 0.100
s 0.100
8 o0O.l00
& C.100
L 0.100
s ¢.100
5 “€.100
L] Cel0O
3 Gs100
s €.100
) Q.100
L] Ca100
o
-] 0.100
- 0.100
L] 0.100
s 0.100
s D100
2 0.100

(VI-8)

4

oel

4040
40.8
41.8
az.s
43.1
4319
AdT
LT PR]

Ar. 8

53,6
56.4
867
87.4
57.7
36,1
882
Sve9
B9
680
60,2
607
60,9
Ol:l
61.9
6241
8262

2.7

y

(e5)T2
(USEC)

1.797
1.792
1.787
1.780
1.79%
1.788
1.767
1.759
1.761
4,784
§.783
1759
1.756
1arez
1.739
1743
1.734
1736
1.737
te728
t.727
L2747
1.713
1.708
1.70)
1.706
1.697
.
L .64
1.679
1.675
1.602
1.671
1678
1:630
32060
10660
1 +656
10880
1,640
1,684
14637

1632

.

oe2

25 .4
26.5
27 .9
28.7

30.0

2.7
3.0
38,8
3.2
Iral
ar.9
9.2
a0a7
Al
42.4
43.0
a1.7
YRS
as.9
as.¢
aT.a
48.2
s8.7
“a9.2
50.4
81.2
2.1
82.5
23,6
543
ta.e
53.4
58,1
S84
87.0
57.3
87.7
58.7
S8.8
89.2
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YT
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1.470
Y YY)
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sinlo
2021
3.37e
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2.380
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s
24320
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2,269
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3,261
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Je248
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2.101
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Je163

CEd
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26 .4
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3404
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36,7
RLER)
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A0.9
AL.8
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48,3
Ad.6
AT 5
88,5
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AYa9
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Sle7?
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S2.7
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)
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S.1€)
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4558
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a.825
aseCa
&.8C
8,778
4.77C
4768
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4.720
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AseC8

Ultrasonic Data for Isotactic PMMA-Hg at 13.7 MHz

DBA

8.2
8.6
10.9
14.4
1.8
171
19.4
23
22.9
28,.p
23.8
27.0
28.4
30.3
R )
3244
33.1
a8
8.7
7.8
39.8
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)
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49,0
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TEND
(C)

TAN D

-98,9 0.,00197
~-95.4 0.00190
~917%% 0.00185
=87.8 0.,00182
-85.8 0.,00184
-83.9 0.,00188
-Bl.2 0.00189
~78+3 0.00192
=76.3 0.00201
«-72.8 0.00210
8586 .6 C 00240
~41.,8 0,09275
~58.2 0.,00298
=53.8 0,0031%
=%50.6 0400316

--‘6.0 0-00313
-42.6 0.00303
=38es4 0.00300
«35.0 0.,00311
«31.7 0.00331
=-28.0 0.00462
~28.6 0.00307
=2C.9 0.00a31
=17.5 0.00061
«13.8 0.,00487

ST nzFv
( Tay O

0.00006
0.C030+
0.00004
0.002%a
0.C0033
0.00031
0.,00701
0.Q0002
0.0009%2
Q0.00004
¢.Co01s
Q0.0Nn%)5
0+CNII>
N.00C2%
000993
0.00095
0.00000
0.000%5
0.000%3
2.00071
0..30C2a
g ..NNNIS
0.000%4
0.00H32
0400021
0.009%32

VFL
(Cv/us)

i
H =104a.,1 0.,002922 0.00005 Q27105
. =101le4 0.00197

De27101
227188
Ne27074
Q.27C30
Qe 25979
0s270a9Q
D 2003R
Q.26931
0.269a5
0.26910
Q.20 871
N.26731
Qe2¢703
0e26+30
Qe?6376
Je2%5410
0o 2€ 343
Ne26 241
Ce 26208
726230
D.2h214
0.2A179
Je28 170
Ne 26318
0025994
Je25872

=10.0 0.00500 0.00033 0»25817
“«646 0,005C0 0,00032 .25759
=3e7 0.00537 N.NNIIB 3.2577C
=0.5 0.00517 0.00005 Je2%KA2

2.3 0.00583 0.00095 2.25763

- 645 0-00501/0}00006

9.8 0.00613 0.00078 J.25¢2a
14.1 0.00667 0.09210 0.252u7 0.¢C1CoH
18.%5 0.00720 0.00998 J.25672
28 .2 0.00748 0.00099 0425299
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De25779

Figute 20, Chapter III,

‘ Ultrasonic Data for 'Syndiotactic’

STH nev
(vEL)

0.2C0021
0.00042
0,C0241
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N0.92033)
0.C0039
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0.00)32
0.00931
0.CC230
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J.100
0.100
0.100
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0.100
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0s100
Qel199
0.100
0.109
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€19
Hlel
60.9
¢€0.6
€0,7
69.7
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1.704%
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PMMA-Hg at 13,5 MHz
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J \ Figure 21, Chapter III, page 72
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Torsional Pendulum Data for Free-Radical PMMA-Dg at <0.75 Hz.

|

1

©

R

|
i

TEMP TAN D TAN D STP DEVN FREQ GI. Gy

() APP CORR TAN D C. (17) (10%%3)  (104%9)

2192.0 0.001112 ©0.001118  0.000012 075390 26,7304 0,029843

~-187.8 0.,001224 0.00!251 0t000610 0,75350 26,7019 0.032859

; -182.7 , 0.001304 ©.001311 0.000008 0.75290  26.6591° 0.034951
r =178.0 0.001440 0.001448 0.000008 0.75265 26,6271 0.038%68
! -174.9 .o.ooﬂsaa 0.001532 ©0.000010 0.751060 26,5667 0,040713
T -172.0 0.001720 0.001730 o.oo?oxx 0.75C55  26.4920 (.045818

-168.0 0.001822 0.0b1832) 0.000016 0.7502% 26,0707 0.048506

i -164.8 0.001974 0.0019806 o.oo&prn 0.74990 26,4453 0,052509
% ¢ -161.5 0.002162 0.002165, 0,000026 0.74070 26.4317 0;057L24'
; L -158.4 3.002224 0,002237 0.000021 0.74930  26.4034 0.059070
j /=156.1 0,002344 0.002358 0,000029 0,74H00 26,311 0.062036

. o .

-133.8 0,002658 0.002673 0.000061 0,74H70° 26,3255 0.070381

h -152.5 0.002646 0.002661 0.000030 0.74745 26.2795 0.069934

-150 .4 L.ooze7e 0.002692 0.000049 0.74735. 26.2654 0.070706

-148.0 0.003085 - 0.003103 0.000072° 0.74685 26,2300 0.081'395

-145.6 0.003118 0.003136 0.000037 Q.74580 26,1589 0.082030

-142.8 0.003230 0.003249 0.000042 0.74520 26,1136 0,084835

-139.9 o.oo%ﬁaa_ 0.00350n p.éooo«a. 0.74500 2611340 0.091680

-136.8 0.003906 0,003929 0.000044 o.74305~ 26.0220 °0.102239

. -
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(vi-11)

f; ' ‘ Figure 21, Chapter III, page 72 (continued)
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-194.0
~189.5
~185.0
-181.5
-178.0
«-175.5
-173.0

~171.0

Torsional Pendulum Data for Free-radical PMMA-Dg at +2.35 Hz.

1

TAN D
AP

0.001270
0.001204
0.001357
0.001404
0.501502
0.001517
0.001590
0.001670
0.001741

0.001817

0.001942

‘0.002018

0.002146
0.002299
0%322417
0.002627
0.002867
0.003027

0.003339

0.003750

*TAN D
CORR

0.001277
0.001291
0.001365
0.001412
0.001511

0.001526

0.001599

0.001679
0.001751
0.001827
0.001954
0.002030
0.002{58
0.002312
0.062461
€.002643
a
0.002€84
0.003045

0.003389

0003772

STD DEVN

*TAN D C.

¢

o.oo&§17
0.000012
0.000011
0.000008
0.0000 1.2

0.000010

.0.000018

0.000014

0.000013

0.000019

0000020

0.000017
0.000C27
0.000026
0.000029
0.000038
0.000020
0.000033
0.000028

07000025

: 2-35

2,33700

FREQ
(HZ)

2¢36300
2:36000
00

8
s
900

N

2.3

2.35800

2.35600

2+35600

235300

2.35400

2.3520¢C

2.35600

2.34950

234800

- 234750

\ R

234300
2.34200
2,34100

2.33900

v

N

2+33450

Gl
(10%%9)

ﬁ6.5930'

2645251
26,4799
20i5025
26,4799

26,4348

2644348

26.3671
26.3896
26.3445

26.2995

26.2882

%6.2545
2642433
26.1422
261197
26.0973
26.0525
26+0077

25.9518

\
\

Gl
(10%%9)

0.033961,
04034247

0.036154

¢

0.037414

104040006

0.040330
0.042269
0.044277
0.046213
-
0.048134
0.05!583
0.053371
0.056663
0.060676

0.064341

0.06%028

«0s075262
w B

0.079324

0.087364

0.097884
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(VI-12)

P il
’x . . Figure 22, Chapter 1V, ‘page 74. I
h Experimental logv versus 1/T data for the Vg relaxat:!'_gn of Free-radical
PMMA-Hg and PMMA-Dg. -
(S ° !' - j
?MMA-HB PMNA—D&
log v IOOO/I 1 1000/T
_(OR)” / :] (ox)~1
. , ]
7.301 3.68 27 3.69
7.134 3.68 3.595 5.99
6,924 3.80 3,238 6.47
6.532" 3.98 3.144 6.49
- 6,114 4,26 3.003 6.45
3.959 6.37 2,733 6.54
3.635 6.76 2.731 6.54
© 3,483 ‘ 6.58 2,566 - 6.49
é 3.481 6.41 0.371 8.33
: 3.481 6.45 ~0.12 8.62 ,
Y 3.246 7.94
) 2.853 8,20 ‘
" g 725851 7.81
Lo ) 2.756 9.05 B
- | < 2,754 * 8.55 ¢ )
b 2,752 8.85 o,
2.696 9,71 i
: 2.696 9.48 .
] o 2.438 . 9.0L
) ———
! g
¥
) | ~— %
. Y \ " .
. r e . )
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i
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Figure 23, Chapter IV, page 76

: Complete Transition Map Data for PMMA—H8 and PMMA-Dg

12

5 . (The literature data of Figure 9 (given on page VI-2) and the experimental
5 : N data for the )'1 relaxation of free-radical PMMA-Hg and PMMA-Dg (given on page
5 - * VI-12) need not be ‘repeated here).
K s PMMA-H PMMA-D, PMMA-Hg -~  PMMA-H
R Polymer s (free-ragical) (free-radical) (isotactic) ;(syndic}tactic)
X Relaxation . logVv lOOO/T logv 1000/T logvVv . 1000/ log v 1000/
. ' (°x)-1 (°x)~1 (°K)~ (°x)~ :
water 7.267 3.17 — i
] 7.134 3.26 il .
"1 6.114 3.58 }
3.135 4,33 - ?
3.031 4,48 3 |
2.430 5.18 . KA
- &
Y,- . 7.111 4,61 7.127 4.65 /17&31 4,61 —
3.966 9.17 3.604 ° 10.20 . 3
3.641 9.95 © 3.151 10.31 . -
3.248 10,20 3.007 10.20
3.213 10.64 2.738 10.87 .
) — - . 3.121 10..70
: . | 2.757 11.76 ) ‘
: 2.753 11,24 . - ;
» 2.698 12.05 - 5
g 2.470 13.07 \
G o 3 2,443 13.33
4 — 2.353 13.79 : B
%
2 Yy B 7.131 ' 3,89
{ V. —experimental | 7.267 5.5 7.137 5.68
3 Litérature Refefénce | - 7.333 4.55
Literature Reference A ~4.7 ~8.0
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